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Key Points
• From May to Septem-
ber, about 6 large cold
pool events per month
are detected over the
Atlas Mountains.
• These events are of-
ten clustered into
several days long peri-
ods.
• Cold pools increase
surface pressure and
transport moisture
into the Sahara over
multiple days.
• Cold pools contribute
to the variability of the
heat low on synoptic
time scale.
Abstract
The West African Monsoon (WAM) and its representation in numerical
models are strongly influenced by the Saharan Heat Low (SHL), a low-
pressure system driven by radiative heating over the central Sahara and
ventilated by the cold and moist inflow from adjacent oceans. It has
recently been shown that a signiﬁcant part of the southerly moisture
flux into the SHL originates from convective cold pools over the Sahel.
These density currents driven by evaporation of rain are largely absent
in models with parameterized convection. This crucial issue has been
hypothesized to contribute to the inability of many climate models to
reproduce the variability of the WAM.
Here, the role of convective cold pools approaching the SHL from the
AtlasMountains, which are a strong orographic trigger for deep convec-
tion in Northwest Africa, is analyzed. Knowledge about the frequency
of these events, as well as their impact on large-scale dynamics, is re-
quired to understand their contribution to the variability of the SHL and
to known model uncertainties. The ﬁrst aspect is addressed through
the development of an objective and automated method for the gen-
eration of multi-year climatologies not available before. The algorithm
combines freely available standard surface observations with satellite
microwave data. Representativeness of stations and influence of their
spatial density are addressed by comparison to a satellite-only climatol-
ogy. Applying this algorithm to data from automated weather stations
and manned synoptic stations in and south of the Atlas Mountains re-
veals the frequent occurrence. On the order of 6 events per month are
detected from May to September when the SHL is in its northernmost
position. The events tend to cluster into several-days long convectively
active periods, often with strong events on consecutive days.
This study is the ﬁrst to diagnose dynamical impacts of such peri-
ods on the SHL, based on simulations of two example cases using the
Weather Research and Forecast (WRF) model at convection-permitting
resolution. Sensitivity experiments with artiﬁcially removed cold pools
as well as different resolutions and parameterizations are conducted.
Results indicate increases in surface pressure of more than 1 hPa and
signiﬁcant moisture transports into the desert over several days. This
moisture affects radiative heating and thus the energy balance of the
SHL. Even though cold pool events north of the SHL are less frequent
when compared to their Sahelian counterparts, it is shown that they
gain importance due to their temporal clustering on synoptic timescale.
Together with studies focusing on the Sahel, this work emphasizes the
need for improved parameterization schemes for deep convection in
order to produce more reliable climate projections for the WAM.
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Zusammenfassung
Kernaussagen
• Von Mai bis Septem-
ber werden über dem
Atlas Gebirge ca. 6
große Dichteströ-
mungsereignisse pro
Monat detektiert.
• Diese Ereignisse tre-
ten oft gruppiert über
mehrere Tage hinweg
auf.
• In diesen Perioden
erhöhen die Dich-
teströmungen den Bo-
dendruck und trans-
portieren Feuchte in
die Sahara.
• Dichteströmungen
aus dem Atlas Gebirge
tragen zur Variabilität
des Hitzetiefs auf
der synoptischen
Zeitskala bei.
Zusammenfassung
Der westafrikanische Monsun (WAM) und seine Darstellung in nume-
rischen Modellen ist stark beeinflusst vom Hitzetief über der zentra-
len Sahara (engl.: Saharan Heat Low, SHL). Dieses Tiefdruckgebiet
entsteht durch starke Einstrahlung, ein Druckausgleich erfolgt durch
den Zustrom kalter und feuchter Luft von den angrenzenden Ozeanen.
Es konnte unlängst gezeigt werden, dass ein wesentlicher Anteil der
von Süden in das Hitzetief transportierten Feuchte im Zusammenhang
steht mit Dichteströmungen aus Konvektion in der Sahelzone. Diese
Dichteströmungen werden durch das Verdunsten von Regen erzeugt
und sind in Modellenmit parametrisierter Konvektion nur unzureichend
repräsentiert. Es wurde die Hypothese aufgestellt, dass es sich hierbei
um einen entscheidenden Beitrag zu Unzulänglichkeiten bei der Wie-
dergabe des WAM handelt.
Die Rolle der konvektiven Dichteströmungen wird hier untersucht für
Ereignisse mit Ursprung über dem Atlasgebirge, einem starken orogra-
phischen Auslöser für hochreichende Konvektion in Nord-West-Afrika.
Um den Beitrag dieser Ereignisse zur Variabilität und zu bekannten Un-
sicherheiten in Modellen zu verstehen, ist sowohl die Kenntnis ihrer
Häuﬁgkeit als auch ihrer Auswirkung auf die großskalige Dynamik er-
forderlich. Der Aspekt der Häuﬁgkeit wird durch die Entwicklung einer
objektiven und automatisierten Methode zur Erstellung mehrjähriger
Klimatologien untersucht. Der Algorithmus kombiniert standardmäßig
durchgeführte Bodenbeobachtungen mit Satellitenmessungen im Mi-
krowellenbereich, beides ist frei verfügbar. Die Repräsentativität der
Stationen und der Einfluss ihrer räumlichen Verteilung werden durch
Vergleich mit einer nur aus Satellitendaten erstellten Klimatologie un-
tersucht. Durch Anwendung des Algorithmus auf Daten automatischer
Wetterstationen und bemannter synoptischer Stationen im und südlich
des Atlasgebirges wird das häuﬁge Auftreten von Dichteströmungser-
eignissen in dieser Region gezeigt. Etwa sechs Ereignisse pro Monat
werden von Mai bis September detektiert, das Hitzetief ist zu dieser
Zeit in seiner nördlichsten Position. Die Ereignisse tendieren zu einer
Gruppierung in konvektiv aktive Perioden, die sich über mehrere Tage
erstrecken, häuﬁg mit zwei starken Ereignissen an aufeinander folgen-
den Tagen.
Der Aspekt der dynamischen Auswirkungen auf das Hitzetief durch
solche konvektiven Perioden wird in dieser Studie zum ersten Mal ana-
lysiert. Die Grundlage dafür bilden Simulationen zweier Beispielfälle
mit dem Wetterforschungs- und Vorhersage-Modell WRF (engl.: We-
ather Research and Forecast) bei konvektionserlaubender Auflösung.
Eswerden Sensitivitätsexperimente durchgeführtmit künstlich entfern-
ten Dichteströmungen, geringeren Auflösungen und Parametrisierun-
II
gen für Konvektion. Die Resultate zeigen, dass Dichteströmungen über
mehrere Tage hinweg zu einem Anstieg des Bodendrucks vonmehr als
1 hPa und zu einem signiﬁkanten Transport von Feuchte in die Wüs-
te führen. Diese Feuchte hat Einfluss auf die strahlungsbedingte Er-
wärmung und somit auch auf die Energiebilanz im Hitzetief. Obwohl
Dichteströmungsereignisse nördlich des Hitzetiefs verglichen mit der
Sahelzone weniger häuﬁg auftreten, gewinnen sie trotzdem an Bedeu-
tung durch ihr gruppiertes Auftreten auf der synoptischen Zeitskala. Zu-
sammen mit auf die Sahelzone fokussierten Studien hebt diese Arbeit
die Notwendigkeit verbesserter Parametrisierung für Konvektion her-
vor. Ohne Fortschritte in diesem Bereich können keine verlässlichen
Klimaprojektionen für den WAM erstellt werden.
III
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1. Introduction
The West African Monsoon (WAM) is a complex and closely coupled
system of interactions between ocean, land surface, and atmosphere.
Climatemodels struggle to realistically reproduce the precipitation vari-
ability associated with this system (Hourdin et al. 2010). This is partic-
ularly pertinent to the Sahel region (approx. 12°N–20°N), where agricul-
tural productivity, and thus the livelihood of the population, is highly de-
pendent on sufﬁciently large precipitation amounts. The Sahel was af-
fected by amajor drought in the 1970s and 1980s, but rainfall has been
recovering since then (Sanogo et al. 2015). Despite large efforts dur-
ing the last decade to explain this recovery and to better understand the
WAM system, including international research programs and ﬁeld cam-
paigns such as African Monsoon Multidisciplinary Analyses (AMMA)
(Redelsperger et al. 2006; Parker et al. 2008) and Fennec (Washington
et al. 2012), the reasons are still a matter of discussion. The recovery
has been attributed to variability in Sea Surface Temperatures (SSTs)
(e.g., Rodríguez-Fonseca et al. 2011; Martin et al. 2014), which in turn
are affected by aerosols (e.g., Booth et al. 2012), but also to natural
(Evan et al. 2015) and anthropogenic (Dong and Sutton 2015) green-
house gas warming of the Saharan Heat Low (SHL), a key component
of theWAM.Average surfacewarming rates over the Sahara are at least
two times larger than the globalmean (Cook and Vizy 2015), the causes
of which are still disputed (Lavaysse 2015).
During the summer monsoon season the center of the SHL is typi-
cally located over the central Sahara near the border between Algeria
and Mali (Lavaysse et al. 2009). It drives the moist southwesterly mon-
soon flow across the Guinea Coast towards the Sahel, as well as the
dry northerly Harmattan winds across the Sahara (Parker et al. 2005;
Lavaysse et al. 2009). Caused by a lack of operational observations
and complex dynamics, the SHL region has been identiﬁed as a ma-
jor source of uncertainty for modeling the WAM (Agustí-Panareda et al.
2010; Garcia-Carreras et al. 2013). With the Sahara being the most im-
portantmineral dust source on earth (e.g., Prospero 2002), aerosol forc-
ing has received much attention, e.g., during the recent Fennec project
(e.g., Ashpole andWashington 2013; Marsham et al. 2013b; Ryder et al.
2013; Todd et al. 2013; Allen et al. 2015). Uplifted dust is known to have
a cooling effect on the surface (Evan et al. 2009), but processes lead-
ing to dust emission like monsoon surges or convectively driven cold
1
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pools are usually related to an increasing amount of water vapor, which
in contrast ampliﬁes radiative heating (Marsham et al. 2015).
Even if called into question (Cook and Vizy 2015; Lavaysse 2015),
Evan et al. (2015) suggested that an increasing amount of water va-
por in the lower troposphere is responsible for the deepening of the
SHL (increase in lower tropospheric temperature) in the past decades.
Observations made in 2011 in Bordj Badji Mokhtar (BBM) in southern
Algeria (Garcia-Carreras et al. 2013) and a modeling study conducted
by Marsham et al. (2013a) indicate that a signiﬁcant part of the merid-
ional moisture flux towards the SHL is caused by convective cold pools
created byMesoscaleConvective Systems (MCSs) in the Sahel. The dy-
namics of theseMCSs, typically embedded into African Easterly Waves
(AEWs) (e.g., Fink and Reiner 2003; Lavaysse et al. 2006), are not cap-
tured by global models due to insufﬁcient horizontal resolution and the
consequent usage of convective parameterization schemes (Marsham
et al. 2013a). This problem is also reflected in large discrepancies be-
tween different (re)-analysis products, which are widely used to study
the WAM (Roberts et al. 2014). AEWs contribute from the south to the
variability of the SHL on the synoptic time scale (e.g., Couvreux et al.
2010; Lavaysse et al. 2010). From the north, pathways of ventilation
for the SHL investigated so far are cold surges from the Mediterranean
Sea, often related to mid-latitude Rossby waves (e.g., Knippertz 2008;
Vizy and Cook 2009; Lavaysse et al. 2010), and the so-called Atlantic
inflow, which is a sea-breeze front at the Mauritanian coast reaching
exceptionally far inland (Grams et al. 2010). The Atlas Mountains are
located in between as an orographic barrier.
Against the background of the relevance of cold pools from Sahel
convection, the question arises whether and to what extent the SHL
is affected by cold pools originating from the Atlas Mountains in Mo-
rocco, northern Algeria, and Tunisia, which are located at the north-
ern flank of the SHL. A marked characteristic of cold pools in semi-
arid environments like northwestern Africa is the associated steep in-
crease in dewpoint temperature (Td) at the surface (e.g., Knippertz et al.
2007; Engerer et al. 2008; Emmel et al. 2010). Comparing this variable
measured at manned synoptic and Automated Weather Station (AWS)
with the operational analysis of the European Centre forMedium-Range
Weather Forecasts (ECMWF) indicates that issues with parameterized
convection, as known from the Sahel region, affect Northwest Africa in
a very similar way (Figs. 1.1a–c). Biases during the winter months are
small in magnitude and do not show a systematic geographical dis-
tribution (Fig. 1.1a). On the contrary, in summer biases are predomi-
nantly negative reaching values well below -3K, particularly along the
southern foothills of the Atlas chain (Fig. 1.1b). Monthly time series
show a continuous increase in the negative bias of dew point tempera-
ture towards the summer months, with the largest magnitudes in July
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Figure 1.1.: Bias in 2 m dew point temperature (Td) in the ECMWF operational analysis with regard to ground
observations. (a) Average bias per station for the months November-March for 2011–2012. (b) As (a) but for
the months May-September, the dashed box indicates an area with particularly pronounced biases. (c) Annual
cycle of the bias averaged over all stations and over the stations located in the dashed box from panel (b). (d-i)
Temporal evolution of Td for example cases with ERA-Interim included as additional information. Source: Redl
et al. (2016).
and August (Fig. 1.1c). Looking at individual cases and stations re-
veals an interesting mix of satisfactory reproduction in both ECMWF
operational analysis and ERA-Interim re-analysis (Fig. 1.1d-f), missed
events (Fig. 1.1g and h), and large discrepancies between the two anal-
ysis products (Fig. 1.1i).
These biases in dew point temperature suggest that cold pool events
could be an additional pathway of ventilation for SHL, so far not sufﬁ-
ciently investigated and presumably misrepresented in numerical mod-
els. The assessment of these events is split up into two parts: (a) are
convective cold pool events a regular feature at the northern flank of the
SHL, as indicated by a ﬁrst climatology created by Emmel et al. (2010)?
(b) is there a signiﬁcant impact of these cold pool events on larger scale
dynamics? Answers can contribute to an improved understanding and
prediction of the SHL variability on time scales of days to weeks.
3
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1.1. The Saharan Heat Low and its Variability
The SHL1 is a thermal low driven by temperature differences between
the continent, with maxima in the hyper-arid Saharan desert, and the
surrounding oceans, withminima related to cold currents like the South
Equatorial or Canary Current. Such heat lows are persistent climato-
logical features during the warmer months of the year in arid regions
around the world, where insolation is high and evaporation is low (e.g.,
Rácz and Smith 1999, and references therein). In a review of the ﬁnd-
ings from the AMMA project, Lafore et al. (2011) highlighted the impor-
tance of the SHL as a key component of the WAM and its interactions
with other components of the system, all shown for January and July
in Fig. 1.2 and in detail discussed in Fink et al. (2016).
The low surface pressure in the SHL drives the moist southwest-
erly monsoon flow across the Guinea Coast towards the Sahel, as well
as the dry northerly Harmattan winds across the Sahara (Parker et al.
2005; Lavaysse et al. 2009). Both flows converge in the region of the
SHL along the so-called Inter-Tropical discontinuity (ITD). The resultant
baroclinity of the dry and hot air in the north and colder and moist air
in the south is an important driver for the African Easterly Jet (AEJ), a
wind speed maximum around 700 hPa, and also responsible for insta-
bilities of this waveguide, which create AEWs (Thorncroft and Black-
burn 1999). AEWs with wavelengths of 2000–4000 km and westward
propagation speeds around 8ms-1 are themost important synoptic fea-
tures in theWAMand play a crucial role in the organization of deep con-
vection into MCSs (Fink and Reiner 2003; Lavaysse et al. 2006). This
organization is of particular importance as 70–90% of the precipita-
tion in the Sudan and Sahel zones originates fromMCSs (Mathon et al.
2002; Fink et al. 2006).
Against the background of this process chain from the SHL to the
MCSs, it becomes clear that variations of the SHL translate into varia-
tions of precipitation amounts in tropical West Africa. On the decadal
time scale, this link recently attracted attention as it might help to ex-
plain the recovery from the Sahel drought since the 1980s. Using rain
gauge data from stations between the African west coast and 15°E,
Sanogo et al. (2015) found a statistically signiﬁcant positive trend in
annual totals as well as in extreme events exceeding the 95th percentile
in the Sahel. Using observations and re-analysis products, another pos-
itive trend with temporal coincidence was found by Evan et al. (2015)
in SHL air temperatures. These authors attributed the deepening of the
SHL to a rising concentration of water vapor in the lower troposphere,
which is a natural greenhouse gas. Especially at night-time, water vapor
1SHL vs. WAHL: In Literature the alternative term West African Heat Low (WAHL) is
also frequently used instead SHL (e.g., Lavaysse et al. 2009, 2010), especially when
a distinction from the eastern counterpart is intended (Fink et al. 2016).
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Figure 1.2.: Key components of the WAM in (a) January and (b) July. Shown are the
positions of the ITD, the monsoon trough, upper-level air streams (AEJ, TEJ/EJ, and
STJ), surface winds colored according to the 2 m air temperature (see color bar), the
tropical rain belt with the maximum axes of rainfall (RRmax), northerly and southerly
AEWvortices propagation zones (AEWnandAEWs, respectively), areaswith relatively
cold sea surface temperatures (SSTanom), and example pressure lines marking the
Azores (H), Libyan (h) and Saint Helena (H) Highs and the SHL (L). Source: Fink et al.
(2016).
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Figure 1.3.: Seasonal cycle of the SHL. Monthly mean values of the position calculated from ERA-Interim for the
time period 1979–2014. Shown is the frequency of occurrence at each grid point. Grid points with an elevation
above the 925 hPa surface were excluded from the calculation, which results in white spots at the margins of the
SHL.
forms a positive contribution to the radiation balance. Dong and Sut-
ton (2015) offer a different explanation. They identiﬁed in experiments
with a global climate model higher levels of anthropogenic greenhouse
gases as main reason for the deepening of the SHL. But regardless of
the reason, both studies agree that the changes of the SHL played a
major role in the recovery from the Sahel drought. A point of view that
is shared by Lavaysse (2015), who points out that the reason for the
warming trend over the Sahara, which is at least two times larger than
global according to Cook and Vizy (2015), is still unknown.
A method to asses changes to the SHL was suggested by Lavaysse
et al. (2009). They calculated the layer depth between 700 and 925 hPa
in a domain spanning from 20°W–20°E and 0°N–40°N. The SHL is then
deﬁned as the regionwhere layer depth values above the 90th percentile
with respect to the domain mentioned before are found. Only 06 UTC
re-analysis ﬁelds are used as the impact of clouds and convection is
minimal at this time. This method was used here to create Figs. 1.3
and 1.4, but with an extended domain and two additionalmodiﬁcations.
Firstly, grid points above the 90% threshold are grouped together into
contiguous areas; during the boreal summer months this results in two
distinct heat lows. One over the Sahara and one over the Arabic Penin-
6
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Figure 1.4.: Seasonal cycle of the SHL. Monthly mean values of the position calculated from ERA-Interim for the
time period 1979–2014. Shown is (a) the latitude in degrees north and (b) the longitude in degrees east of the
western part (see Fig. 1.3) with daily resolution. The blue area indicates the standard deviation and the dashed
orange line in (a) the zenith position of the sun.
sula (referred to as western and eastern part in Fig. 1.3). Secondly, in
order tomake this feature detectionmore robust a 1000 kmspatial low-
pass ﬁlter was applied to the input data prior to the calculation of the
layer depth2.
The method described above allows the reliable calculation of the
SHL position from decadal down to daily time scales (Lavaysse et al.
2009), but care should be taken for interpretations. The method is only
as good as its input data and unfortunately re-analysis products show
signiﬁcant discrepancies for the SHL and ITD region (e.g., Roberts et al.
2014; Cook and Vizy 2015). Roberts et al. (2014) attributes the discrep-
ancies to misrepresentation of important processes and lack of assim-
ilated observations. But keeping that in mind, the method is still well
suitable to analyze the variability of the SHL.
The climatological seasonal cycle (Figs. 1.3 and 1.4) shows two ex-
trema in the position of the SHL. In boreal winter (November–February),
it is located in the Sahel and central Africa between 5 and 10°N and in
boreal summer (June–September) over the Sahara between the Atlas
and Hoggar Mountains (20–25°N). The simultaneous shift in the loca-
tion of other components of the WAM is illustrated in Fig. 1.2. The SHL
south-northmovement follows the zenith position of the sun, but shows
a delay of 1–2 months (Fig. 1.4a). Lavaysse et al. (2009) speculated
2The SHL analysis adapted in this way has been contributed to the Central Evaluation
System (CES; Kadow et al. 2014) of the decadal prediction project MiKlip (Mittel-
fristige Klimaprognose) (Pohlmann et al. 2013). It is used in the CES to evaluate the
representation of the SHL in regional and global climate models.
7
1. Introduction
Figure 1.5.: Mean annual precipitation in tropical West Africa. Hovmöller diagram
of the 15-day running mean of daily precipitation, obtained from the TRMM product
3B42, 1998–2012, averaged between 10°W and 10°E. Source: Fink et al. (2016).
about complex surface-atmosphere interactions to be responsible for
this delay without going into details. Fink et al. (2016) showed a peak in
July and August in the net radiation balance in Sahel and Sahara using
data from the Global Energy and Water Exchanges (GEWEX) project.
In the Sahel, the maximum has been attributed to changes in vegeta-
tion, cloudiness, and speciﬁc humidity (Guichard et al. 2009). However,
vegetation can be neglected in the central Sahara, which makes water
vapor and cloudiness likely to cause the late summer maximum.
Even more interesting is the east-west movement of the SHL, espe-
cially the transition from the position south-east of the Hogger Moun-
tains (May, Fig. 1.3e) to the position between the Atlas and Hoggar
Mountains (July, Fig. 1.3g). This rather abrupt transition happens
around 20 June (Lavaysse et al. 2009 and Fig. 1.4b). Sultan and Janicot
(2003) found the monsoon onset to happen only a few days later at 24
June. As pointed out by Fitzpatrick et al. (2015), this date is dependent
on the deﬁnition of the onset as well as on the dataset used for the
calculation, but always happens in late June or early July. This jump
is well visible in zonally averaged precipitation in tropical West Africa
(Fig. 1.5). The physical background is an active ﬁeld of research, not
least because most global and regional climate models struggle to re-
produce it, which results in an Inter-Tropical Convergence Zone (ITCZ)
located too far in the south (e.g., Martin et al. 2014; García-Serrano et al.
2013; Hourdin et al. 2010). According to Janicot et al. (2015), who re-
cently highlighted key research questions with regard to the prediction
of the WAM, surface conditions in the area of the SHL and of the so-
called Atlantic cold tongue in the Gulf of Guinea (indicated by a blue
area at the equator in Fig. 1.2b) are ofmajor importance. Unfortunately,
both areas are related to large uncertainties in numerical models.
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Figure 1.6.: Composite of the east (HLE) and west (HLW) phase of the SHL at 850 hPa. Shown are 10–60 days
band-pass ﬁltered potential temperature anomalies [K] (colored shading), wind anomalies [ms-1] (vectors), re-
constructed potential temperature [K] (black contour lines, interval 2 K, 38–42 K), reconstructed mean sea level
pressure [hPa] (green contour lines, interval 2 hPa, 1016–1024 hPa). Reconstructed ﬁelds are calculated by
adding band-pass ﬁltered anomalies to climatological mean values. The beginning of HLE (a) and HLW (b) are
shown in the upper row, conditions four days later in the lower row. Source: Roehrig et al. (2011).
On the intra-seasonal time scale the SHL shows variations in two fre-
quency bands: 3–10 days and 10–30 days (Lavaysse et al. 2010). Vari-
ations in the 3–10 days band are mainly related to AEWs at the tropi-
cal flank of the SHL. The cold and moist air advected northward in the
AEW troughs tends to weaken the SHL by reducing the temperature in
the lower troposphere. The 10–30 days band ismainly related to upper-
level waves at the extra-tropical flank. Chauvin et al. (2010) and Roehrig
et al. (2011) identiﬁed and discussed two different phases of the SHL,
referred to as Heat Low East (HLE) and Heat Low West (HLW). An HLE
event is related to an upper-level trough crossing theAfricanWest coast
and causing strengthened ventilation of the SHL over Mauritania and
Morocco and weakened ventilation over Algeria and Libya. Stronger
(weaker) ventilation in the west (east) is related to negative (positive)
temperature anomalies (Fig. 1.6a); the SHL strengthens in the follow-
ing days and is extended eastward (Fig. 1.6c). Opposite conditions are
found for an HLW event (Fig. 1.6b), where a ridge at the west coast is
causal to stronger ventilation from the Mediterranean Sea leading to a
weakening and westward extension of the SHL (Fig. 1.6d). This weak-
ening can be further ampliﬁed by cold surges over Libya into the Sahara
(Vizy and Cook 2009; Chauvin et al. 2010; Lavaysse et al. 2010). An ex-
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ceptional weak state of the SHL is possible when an AEW event in the
south coincides with a cold surge in the north (Lavaysse et al. 2010).
During the dry-season interactions with the extra-tropics are reported
to decrease the pressure over the Sahara. These rather rare events (1–
2 per dry season) are related to advection of warmer air in front of a
far southward reaching trough at the African west coast and can cause
precipitation in tropical West Africa (Knippertz and Fink 2008, 2009).
Variability on the synoptic time scale is as afore mentioned related
to AEWs, which are also relevant in the pre-monsoon season (Cou-
vreux et al. 2010). Another important mechanism is lee cyclogenesis
down-streamof the AtlasMountains related to eastwardmoving upper-
level troughs. The falling pressure at the Saharan side of the mountain
range can cause a northward extension of the SHL and consequent
cold surges from the Mediterranean Sea, which counteract the falling
pressure (Knippertz 2008). Cold surges are extreme manifestations of
a more regular mesoscale phenomenon, the sea breeze front. Such
fronts are part of the diurnal cycle and can directly affect the SHL in
case they penetrate far enough inland, which is regularly the case for
the so-called Atlantic Inflow over the Mauritanian coast. At day-time,
dry convection in the Planetary Boundary Layer (PBL) hinders inland
movement of the front, but at night-time it propagates up to 400 km
inland until the ﬁrst orographic barrier is reached (Grams et al. 2010).
Flamant et al. (2007) proposed a mechanism coined ‘Atlas-Hoggar
Pumping’ to have an impact on the diurnal cycle of the SHL as well.
The elevated terrain of Atlas and Hoggar Mountains (3000–4000 m) is
in the morning located above the convective boundary layer in the sur-
rounding. The elevated radiative heating in these areas results in con-
vective plumes, which are expected to spread horizontally with conse-
quent subsidence and reduced growth of the convective boundary layer
in the SHL region in between both mountain ranges. This assumption
is based on the analysis of the ECMWF and on a research flight in the
framework of the AMMA project. The analysis for this particular day
showed positive vertical motion over the Atlas Mountains up to about
8 km. The idea was repeated by Cuesta et al. (2009) and partially con-
ﬁrmed by Birch et al. (2012) in regional model experiments with a focus
on the Saharan boundary layer and dust transport. Convective plumes
above elevated terrain were found, but not the proposed subsidence in
the SHL area.
Another atmospheric phenomenon related to the mountain ranges
and affecting the ventilation in the SHL is the convective cold pool,
which is in the focus of this study and discussed in the following sec-
tion.
10
1.2. Convectively Generated Cold Pools
1.2. Convectively Generated Cold Pools
Deep convection is the result of unstable atmospheric conditions and
plays a fundamental role in maintaining the heat balance of the tropical
upper troposphere (Riehl and Malkus 1958). The two most relevant dy-
namical aspects of convection are the up- and downdrafts. The vertical
stratiﬁcation controls the strength and vertical extent of updrafts, or to
be more precise, the depth of the layer where a pseudo adiabatically
rising parcel is warmer than its environment. While rising, parcels con-
vert their potential into kinetic energy. The maximum energy available
for an idealized parcel was deﬁned by Emanuel (1994) as Convective
Available Potential Energy (CAPE):
CAPE = ∫ pELpLFC Rd(Tvp − Tve)d ln p (1.1)
where pLFC is pressure at the Level of Free Convection (LFC) at which
a parcel reaches saturation and starts to be warmer than its environ-
ment due to latent heat release, pEL is the equilibrium level where a
parcel has again the temperature of its environment and accordingly
no more positive buoyancy, Tve is the virtual temperature of the envi-
ronment and Tvp the virtual temperature of the rising air parcel. CAPE
does not take into account that air parcels are mixed with their environ-
ment during their ascent, which has signiﬁcant effects (Zhang 2009).
Nevertheless, CAPE is, due to its simple calculation, often used by fore-
casters to asses the likelihood of a convective event. It is reduced to-
wards zero during the event and due to this property used as closure in
some parametrization schemes for deep convection (e.g., Zhang and
McFarlane 1995; Gregory et al. 2000).
As pointed out by Lafore et al. (2016), CAPE is almost always suf-
ﬁciently high in tropical West Africa during the monsoon, the same is
true for the Column Water Vapor (CWV), which is often termed Precip-
itable Water (PW), and is also a prerequisite for the development of
deep convection. Conditions in northern Africa are different. Mean val-
ues of CAPE are comparably low there throughout the year (Riemann-
Campe et al. 2009; Narendra Babu et al. 2010) and larger values are
only occasionally reached; that also applies to the monsoon months
May to September (Fig. 1.7). However, large values of CAPE alone are
not enough to trigger convection, an air parcel has to overcome the
Convective Inhibition (CIN) ﬁrst. CIN is the energy necessary to reach
the LFC starting from the surface, its calculation is analogous to Equa-
tion 1.1 except for integration boundaries, which are the surface and
the LFC. Values of CIN are larger in subtropical northern Africa than in
the tropics (Riemann-Campe et al. 2009), which makes, in combination
with low values of CAPE, deep convection comparatively unlikely. The
focus of this study is on the Atlas Mountains, they provide two mecha-
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Figure 1.7.: Mean values of CAPE from ERA-Interim for the monsoon months May to
September and the years 1979–2014, using 18 UTC time steps.
nisms to overcome largeCIN values. On the one hand, this is orographic
lifting, on the other hand, this is heating of elevated terrain.
Once updrafts are triggered, compensatory subsidence is required
due to mass conservation. This downward motion may happen on dif-
ferent scales, ranging from intense microscale downdrafts (also called
microbursts) with vertical velocities as high as 15 ms-1 (horizontal ex-
tent < 1 km) to synoptic and planetary subsidence of only a few cm s-1
(Lafore et al. 2016). Located in between are convective downdrafts
with horizontal extents of a few kilometers. They are fed by evaporative
cooling of rain and cloud drops. Emanuel (1994) proposed a method
for the calculation of the energy available for the creation of downdrafts
called Downdraft Convective Available Potential Energy (DCAPE). The
calculation is again analogous to CAPE. Air parcels descend pseudo-
adiabatically to the surface, which means they are cooled down by
evaporation on their way. Like CAPE, DCAPE is merely a theoretical
quantity. Its calculation contains uncertainties like the unknown start
level, also the amount of precipitation available for evaporative cooling
might be too small to keep the descending parcel saturated (Provod
et al. 2015). Lafore et al. (2016) highlighted that, even in the presence
of uncertainties, DCAPE is a useful tool for operational forecasters, as
high values of DCAPE related to dry mid-level layers (700–500 hPa) in-
crease the likelihood of downdrafts.
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The cold air formedby evaporation andmelting of precipitation below
a convective cloud system behaves like a density current (e.g., Simp-
son 1987; Weisman and Rotunno 2004). It descends to the ground and
spreads out horizontally driven by the density difference to the warmer
surrounding air. The speed of the leading edge can be estimated using
the Froude number, which is the ratio of inertial and buoyancy forces
(e.g., Simpson 1987):
Uf = k√g′H (1.2)
where k is the Froude number, which is about 1 for atmospheric density
currents, H is the depth, and g′ = gΔρ/ρ is the so-called reduced gravity,
where Δρ is the difference in density between the density current and
its environment. In the atmosphere, additional aspects are of relevance
for the spreading of the current. One is the radial spreading away from
the convective cell, which leads to a reduced propagation speed of the
front as the radius of the cylinder describing the flow is increased and
its depth H accordingly decreased. This is more relevant for isolated
events in areas without signiﬁcant orographic constraints (like the ex-
ample shown in Fig. 2.3), where the flow can spread into all directions
unhindered. At the Atlas Mountains convective cells are often lined up
along the ridge forming a more linear source.
Another aspect is the Coriolis force, which becomes increasingly im-
portant as the size of the density current increases. The relevant mea-
sure for this effect is the Rossby number Ro = U/(Lf), where L is the
length scale and f is the Coriolis parameter, the latter becomes dom-
inant for Ro ≪ 1. At 30°N, Ro falls below 1 for L > 137 km, with
a propagation speed around 10 ms-1, this is the case after 3.8 h of
spreading away from the source. Thus, it is expectable to see the flow
within the density currents south of the Atlas Mountains to become
anti-cyclonically diverted during the night. Hallworth et al. (2001) found
in water tank experiments and numerical simulations the maximal ra-
dius to be reached after a time of t ≈ 2/Ω, where Ω is the rotation rate
of the reference system in rad s-1. Accounting for the geographical lat-
itude φ yields t ≈ 2/(Ωsinφ), which is approx. 15.2 h at 30°N and indi-
cates that a density current initiated by late afternoon convection can
grow throughout the night. Roberts and Knippertz (2014) call the appli-
cability of this idealized approach to the real atmosphere into question.
In a model experiment with the Weather Research and Forecast (WRF)
model that successfully reproduced observations of an extremely large
density current in the Sahel (∼800 km), these authors found the theoret-
ically maximal radius exceeded by at least a factor of 1.5. Possible rea-
sons are not discussed, however, the said density current propagated
into the cyclonic SHL area and was potentially deformed there in the
ambient flow.
The air mass of such a density current is commonly called cold pool
and is an inherent part of many convective systems, but typically the
13
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Figure 1.8.: Schematic of a convective cold pool originating from the Atlas Moun-
tains. Source: Knippertz et al. (2007).
largest dimensions of this feature are observed in low-latitude arid or
semi-arid regions. There, beside of a small Coriolis parameter, optimal
conditions for the evaporation are provided by a deep, warm, and dry
daytime convective boundary layer. A further enhancement of the evap-
orative cooling typically happens when vertical wind shear separates
up- and downdrafts (Coniglio et al. 2006; Cohen et al. 2007; Roberts
and Knippertz 2014). A horizontal extent of hundreds of kilometers, as
in the example from Roberts and Knippertz (2014), and a depth of up to
3 km are not unusual and often reached by merging of several smaller
cold pools (Knippertz et al. 2009a). The vertical structure including the
wind shear of such an event is illustrated in Fig. 1.8.
The highly turbulent gust fronts of cold pools can lead to signiﬁcant
dust emissions and are then called haboobs3. Their occurrence is doc-
umented for many dry regions around the planet. Sutton (1925) and
Farquharson (1937) were among the ﬁrst who described the occur-
rence and characteristics of haboobs in the Sahelian part of the eastern
African country of Sudan; more recent literature addressed the Sahel
(e.g., Marsham et al. 2008; Williams 2008; Knippertz and Todd 2010;
Marsham et al. 2013b), Northwest Africa (e.g., Knippertz et al. 2007;
Emmel et al. 2010), the Middle East (e.g., Offer and Goossens 2001;
Miller et al. 2008), the Gobi Desert in China (Takemi 2005), Australia
(Strong et al. 2011), the Chihuahuan Desert between the US and Mex-
ico (Rivera Rivera et al. 2010), and the Great Plains of the USA (Chen
and Fryrear 2002). Many of these regions are uninhabited and events
remain unrecognized, but from time-to-time haboobs gain public atten-
3Haboob: According to the glossary of the AmericanMeteorological Society (AMS), the
term ‘Haboob’ has an Arabic origin in the word ‘habb’, which means ‘wind’. Sutton
(1925) is given there as a ﬁrst reference. Nowadays, it is used to describe thunder-
storm outflow related dust storms around the world.
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Figure 1.9.: Haboob hitting Phoenix (Arizona, USA) on 5 July 2011. Details of this event are discussed in Raman
et al. (2014). Courtesy of Mike Olbinski (http://www.mikeolbinski.com).
tion when larger cities like Phoenix (Arizona, USA) are hit (e.g., Raman
et al. 2014, Fig. 1.9).
These large cold pool events have several important effects on their
environment. Observational and modeling studies (Marsham et al.
2013b; Heinold et al. 2013) show that up to half of the mineral dust
emission in the Sahel and southern Sahara during the summer are
caused by cold pools. Marsham et al. (2011) proposed an easy to use
method to estimate the relative importance of different processes for
the total mobilization of dust, the Dust Uplift Potential (DUP):
DUP = νU3 (1 + UtU )(1 − U2tU2) (1.3)
where ν is the fraction of bare soil, U the wind speed in 10 m, and Ut a
threshold above which dust uplift takes place. Marsham et al. (2011)
used a ﬁxed threshold of Ut = 7 ms-1 for the Sahel, which was based on
an analysis of Meteosat-4 Infrared (IR) images conducted by Chomette
et al. (1999). The DUP itself is based on a parametrization for dust
uplift (Marticorena and Bergametti 1995), but is a merely qualitative
measure as the actual soil properties, e.g., the availability of dust or
soil moisture, are not taken into account. The advantage is, that it is di-
rectly applicable to model output or observations of wind speed. Thus,
it allows a ranking of meteorological processes with regard to their po-
tential to mobilize dust decoupled from uncertainties in the description
of soil properties. Roberts and Knippertz (2014) showed using DUP
and the WRF model that the dust uplift related to a convective cold
15
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Figure 1.10.: Processes relevant for dust uplift related to a convective cold pool. (1)
high wind speeds at the leading edge, (2) an enhanced NLLJ in the aged cold pool that
ismixed downward in themorning, and (3) an internal bore in the night-time boundary
layer. The ‘pgf’-arrow indicates the pressure gradient force. Source: Roberts and
Knippertz (2014), modiﬁed.
pool is caused by three meteorological processes: high wind speeds
at the leading edge, a stronger Night-time Low-Level Jet (NLLJ) whose
momentum is mixed downward in the morning, and an internal bore in
the night-time boundary layer, which precedes the leading edge of the
cold pool (Fig. 1.10). In a different application of the DUP, it has been
shown that up to 25% of the annual dust uplift in most regions in north-
ern Africa may be caused by very rare (on the order of one per year)
high-wind events (Cowie et al. 2015).
Even without substantial dust emissions, cold pools are a serious
threat for aviation due to rapid changes of wind shear between down-
drafts of up to 10 ms-1 that feed the systems combined with updrafts
of up to 6 ms-1 at the turbulent head (Goff 1976; Linden and Simpson
1985). The updrafts are created by lifting of warm air above the head
of the density current, a process which can lead to arc cloud formation
and that is also involved in storm propagation by triggering of new con-
vective cells (Goff 1976). Indeed, cold pools are a key factor for the
organization of single cells into larger MCSs and their movement, as
pointed out by Zipser (1977) and later conﬁrmed by many others (e.g.,
Corﬁdi 2003; Weisman and Rotunno 2004). Recently, large-scale ef-
fects of cold pools from Sahelian squall lines on the WAM system have
been highlighted byMarshamet al. (2013a). This study also shows that
cold pools form a signiﬁcant part of the low-level northward moisture
flux in the WAM and of the ventilation of the SHL.
The fundamental physics behind cold pool generation by density cur-
rents are well understood and were discussed in detail decades ago
(e.g., Simpson 1987). However, today’s climate models still show sig-
niﬁcant uncertainties for projected changes in the WAM (Xue et al.
2010; Druyan 2011) and other monsoon regions (Christensen et al.
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2013) regularly affected by convective cold pools. One major reason
for the fact that these models are unable to create realistic cold pools
is the usage of parameterizations of deep convection (Heinold et al.
2013; Marsham et al. 2013a). Related effects such as dust emission
andmodiﬁcation of themonsoon flow can then further contribute to un-
certainties andmodel errors. For example, themodels used for the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) all tend to underestimate dust emission over Northwest Africa
(Evan et al. 2014).
So far, only few studies on climatological aspects exist. The ﬁrst
historical report from Sudan contained an eight-year climatology of ha-
boobs observed in Khartoum (24.5 cases per year; Sutton 1925); En-
gerer et al. (2008) analyzed eight years (only April to August) of sta-
tion and radar data from Oklahoma, USA; Provod et al. (2015) analyzed
data from one monsoon season and one station in Niamey, Niger; Em-
mel et al. (2010) identiﬁed cold pools over the Northwest African Atlas
Mountains based on a subjective and labor-intensive manual inspec-
tion of station data and infrared satellite images.
1.3. Objectives and Structure of This Study
As mentioned in the introduction and in section 1.1, with the current
state of research three important pathways of ventilation for the sum-
mertime SHL are known, which introduce variability on the sub-monthly
time-scale: (a) In the south, the AEWs with their monsoon surges and
convective cold pools from MCSs. Both the AEWs and the MCSs are
very frequent and thus important for the state of the SHL. (b) In the
north, cold surges from the Mediterranean Sea related to upper-level
troughs and lee cyclogenesis. Such events are less frequent thanAEWs
and due to their large scale synoptic forcing easier to reproduce by nu-
merical models. (c) In the west, the Atlantic inflow modulates the SHL.
The present study aims to asses an additional possible pathway:
convectively driven cold pools originating from the Atlas Mountains.
Fig. 1.11 gives a schematic overview of the processes mentioned be-
fore and the one proposed here. The assessment is divided into two
parts. Firstly, the regularity of cold pool events in Northwest Africa
is addressed by the creation of a multi-year climatology. It is known
that weather and climate models with a coarse horizontal resolution
struggle to reproduce them (see section 1.2), but so far it is not known
whether these events are regular enough to have a signiﬁcant impact
on the SHL. In the second part, the WRF model is used to analyze the
impact of cold pool events on the SHL by means of two case studies.
This study is part of the project titled ‘Multi-scale subtropical controls
on the position and intensity of the summertimeWest African heat low’.
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Figure 1.11.: Processes relevant for the variability of the SHLon the sub-monthly time
scale. Included are the position of the SHL in August (cf. Fig. 1.3), streamlines of the
AEJ with an MCS in a realistic position relative to the AEW, the monsoon trough, the
Atlantic inflow, cold surges from the Mediterranean, and convection over the Atlas
Mountains, which is proposed to be relevant as well.
The project was funded by the German Science Foundation (DFG) and
associated with the UK and French Fennec initiatives.
In the ﬁrst part, a new objective method suitable to create multi-
year climatologies of cold pool events based on station observations of
standard meteorological variables combined with microwave satellite
data is presented. Given the role of convectively generated cold pools
formonsoonal heat low ventilation andmoistening from the south, dust
emissions, and severe convective storm generation, there is a clear
need for automated algorithms of this kind beyond the scope of this
study. The algorithm depends on freely available data only and is there-
fore applicable to all relevant regions worldwide. It is objective in the
sense that individual case decisions are based on ﬁxed thresholds and
thus are reproducible. Though the thresholds have been selected for
an application to northern Africa, they can be adapted to ﬁt to others
regions. The method is based on Emmel et al. (2010), but extends the
work, especially the labor-intensivemanual inspection of IR satellite im-
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ages used there is replaced by an automated screening for convection
of microwave satellite data.
The second part beneﬁts from the unique co-existence of two AWS
networks at the Saharan foothills of the High Atlas Mountains and the
western Sahara in 2011 and 2012. Two convective periods in June
2011 and 2012 identiﬁed by the automated algorithm presented in the
ﬁrst part are simulated using the WRF model with a horizontal reso-
lution of 3 km, which enables to explicitly resolve convection. In both
cases cold pools with a horizontal extent of several hundred kilometers
are observed in satellite imagery. The aim of this part is to assess the
meso- to synoptic-scale impacts of such systems on surface pressure,
moisture transport, and surface radiation balance in the northern SHL
region. In addition, the influence of a reduction of horizontal resolution
and the usage of parameterized convection is analyzed for one of the
events to illustrate possible effects in climate simulations.
The text is organized as follows: All datasets used in the following
chapters are described in chapter 2. The cold pool detection algorithm
as well as the experimental setup for all WRF simulations are in chap-
ter 3. Results are split into the cold pool climatology in chapter 4 fol-
lowed by the case studies performed with WRF in chapter 5. Findings
of both parts are summarized and discussed in chapter 6.1 and 6.2 and
an outlook on possible further investigations is given in chapter 6.3.
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2. Data
Northwest Africa is in general a data-sparse region, this is especially
true for the region south of the Atlas Mountains as most of the syn-
optic weather stations are located along the northern coast line. Only
a few stations are in the Saharan desert and most of them do not re-
port regularly (Fig. 2.1, section 2.3). This lack of data not only hampers
scientiﬁc investigations, but also affects negatively the reliability of op-
erational forecasts. In this study, it was possible to take advantage of
two research projects, both of which addressed the data availability is-
sue by deployment of AWSs, described in sections 2.1 and 2.2. In the
ﬁrst part of this study, these ground observations were combined with
microwave satellite measurements (see section 2.5) to create a clima-
tology of convective cold pool events. In the second part, two cases
from the climatology were simulated with initial and boundary condi-
tions from the European Centre for Medium-Range Weather Forecasts
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Figure 2.1.: Geographical overview of Northwest Africa including locations of ISD, IMPETUS, and Fennecweather
stations.
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Figure 2.2.: Annual cycle of the precipitation for the stations ARG, BSK, EMY, IRK, and
JHB. The years 2002–2011 are included in the calculation.
(ECMWF, see section 2.6) operational analysis. Infrared satellite mea-
surements (see section 2.4) were used in model evaluation.
2.1. IMPETUS Station Network
Like Emmel et al. (2010), who created a ﬁrst climatology for ﬁve years
(2002–2006), the current study beneﬁts from a dense network of AWSs
deployed in late 2001 and maintained until 2010 by the Integrated Ap-
proach to the EfﬁcientManagement of ScarceWater Resources inWest
Africa (IMPETUS) project (Speth et al. 2010) in southern Morocco. The
maintenance of these stationswas extended by theDFG-funded project
in which this thesis was embedded to cover the Fennec Intensive Ob-
servation Periods (IOPs) in June 2011 and 2012. The actual work in
Morocco was done by Julie Berckmans and Philipp Aben. The AWSs
Table 2.1.: Location of IMPETUS stations and data availability for the period 2002-
2012
Name Abbr: Lon Lat Elev: Avail:
Arguioun ARG 6.32°W 30.65°N 1020 m 70.1 %
Asrir ASR 5.84°W 30.36°N 750 m 79.7 %
Bou Skour BSK 6.34°W 30.95°N 1420 m 98.5 %
El Miyit EMY 5.63°W 30.36°N 792 m 95.5 %
Imeskar IMS 6.25°W 31.50°N 2245 m 86.0 %
Lac Iriki IRK 6.35°W 29.97°N 445 m 93.1 %
Jebel Brâhim JHB 5.63°W 29.94°N 725 m 58.4 %
M’Goun MGN 6.45°W 31.50°N 3850 m 94.8 %
Taoujgalt TAO 6.32°W 31.39°N 1900 m 79.9 %
Tichki TIC 6.30°W 31.54°N 3260 m 79.1 %
Trab Labied TRB 6.58°W 31.17°N 1383 m 91.0 %
Tizi-n-Tounza TZT 6.30°W 31.57°N 2960 m 53.4 %
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were equipped with instruments for air temperature and humidity, soil
temperature and humidity, global and net radiation, wind speed and di-
rection, and precipitation. Data from twelve stations are available from
2002 until 2012. They are located in the basins of the rivers Dadès
and Drâa and cover parts of the M’Goun Mountain Massif in the High
Atlas and the Jebel Saghro mountain range that belongs to the Anti At-
las mountain range (Fig. 2.1; Table 2.1). The stations were intended to
cover the gradient from the semi-arid High Atlas to the arid pre-Saharan
landscapes (Schulz 2008). The resultant arrangement makes them
very well suited for the observation of cold pool events originating from
convection over the High Atlas and propagating down-hill towards the
Sahara.
Five stations have been selected here for the climatology because of
their location south of the High Atlas and their data availability. These
stations are Bou Skour (BSK), Arguioun (ARG), El Miyit (EMY), Jebel
Brâhim (JHB), and Lac Iriki (IRK) (red markers in Fig. 2.1). The annual
cycle of precipitation for these stations has two maxima, in spring and
autumn respectively (Fig. 2.2). The year 2012 is only available until the
second half of September, when the stations were dismantled. The av-
erage distance from one station to its closest neighbor is 46 km. The
measurement intervals of these stations differ between 10 and 15min.
For the sake of easier processing all measurements were interpolated
linearly to 5 min intervals. This dataset was used for the cold pool cli-
matology (chapter 4) as well as for the model evaluation (chapter 5).
2.2. Fennec Station Network
The Fennec project (Washington et al. 2012) installed and maintained
ten stations in Algeria, Morocco, and Mauritania (Hobby et al. 2013,
orange markers in Fig. 2.1, Table 2.2). This includes two super-sites,
Zouérat (ZOU) in Mauritania and Bordj Badji Mokhtar (BBM) in Algeria,
as well as eight additional AWSs. Details about the full instrumentation
of the super-sites can be found in Marsham et al. (2013b) and Todd
et al. (2013). Here, only the AWSs are used. They offer measurements
of air temperature and humidity, up- and down-welling short- and long-
wave radiation, and pressure with a temporal resolution of 1 s at the
super-sites and of 3:20 min at the additional AWSs. The stations are
partially located in very remote areas in the central Sahara and were
deployed with the support of the national meteorological ofﬁces of Al-
geria and Mauritania. The data were automatically transmitted using
Iridium Router-Based Unrestricted Digital Internetworking Connectivity
Solutions (RUDICS), which is a satellite based data transfer service.
These ground observations where intended to complement the Fen-
nec aircraft campaigns in 2011 and 2012. The AWSs were not disman-
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Table 2.2.: Location of Fennec AWSs and average data availability for the months
June 2011 and June 2012. 1Availability for Zouérat refers to 2011 only,
the station was not operated in 2012.
Name Abbr: Lon Lat Elev: Avail:
131 Blue 131 2.14°W 24.28°N 259 m 58.3 %
133 Yellow 133 5.79°W 25.37°N 336 m 35.9 %
134 Black 134 0.30°W 23.50°N 324 m 95.7 %
135 White 135 7.84°W 23.48°N 315 m 49.8 %
Tamanrasset 136 5.52°E 22.78°N 1378 m 71.5 %
138 Grey 138 3.02°W 27.37°N 375 m 96.4 %
140 Orange 140 4.22°W 26.05°N 379 m 54.2 %
141 Purple 141 11.58°W 25.23°N 336 m 44.7 %
Bordj Badji Mokhtar BBM 0.95°E 21.32°N 398 m 77.0 %
Zouérat1 ZOU 12.47°W 22.68°N 590 m 75.3 %
tled, but their data availability after 2012 is very low as no maintenance
has taken place afterwards. Accordingly, the dataset is too short for
the creation of a climatology and was here not used for this purpose.
But it is very valuable for the model evaluation of the two case studies
described in chapter 5. For the 2012 case, data from all stations but
the super-site Zouérat are available, which was not operated in 2012.
Due to technical issues, only data from 6 stations are available for the
2011 case.
2.3. SYNOP and METAR
Standard surface synoptic observations (SYNOP, format FM-12) and
Aerodrome routine meteorological reports (METAR, format FM-15),
both routinely collected and distributed via the Global Telecommuni-
cation System (GTS) of the World Meteorological Organization (WMO)
and described in WMO (2010), are valuable sources of information
and available worldwide. However, the station density in Northwest
Africa is relatively low compared to other regions of the world. Here
not raw reports but the quality controlled Integrated Surface Database
(ISD; Smith et al. 2011) compiled by the National Climatic Data Cen-
ter (NCDC) is used1. This dataset mainly contains hourly, but also a
number of half-hourly observations. For the entire region of interest
(Fig. 2.1), 224 stations are available. Because of their reporting fre-
quency not all of these stations are suitable for the creation of a cli-
matology. Only those with a data availability of more than 80% with
respect to hourly observations for the period 2002 to 2014 have been
1The ISD station dataset was obtained from NCDC (ftp://ftp.ncdc.noaa.gov/pub/
data/noaa)
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selected. For the creation of the cold pool climatology, stations with
a distance of less than 100 km from the coastline have been removed
to avoid detection of sea breeze fronts, which are technically also den-
sity currents and can have characteristics very similar to convectively
driven cold pools. The remaining dataset contains 23 stations (blue
markers in Fig. 2.1) with an average distance from one station to its
closest neighbor of 184 km. Like the IMPETUS AWS data, these obser-
vations were also interpolated linearly to 5 min intervals and used for
the cold pool climatology (chapter 4) as well as for model evaluation
(chapter 5).
2.4. Meteosat SEVIRI ‘Desert Dust’ Product
The Meteosat Second Generation (MSG) satellites are jointly operated
by the European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) and the European Space Agency (ESA). They
are located in geostationary orbits approx. 36,000 km above the equa-
tor. The ﬁrst of these satellites (MSG-1, Meteosat-8) was launched in
2002 and became operational in 2004. It was followed in 2005 byMSG-
2 (Meteosat-9) and in 2012 by MSG-3 (Meteosat-10). The last satellite
in this series is MSG-4 (Meteosat-11) launched in 2015. Figures shown
in this thesis are created from data2 of MSG-2, which was during the
investigated cases located at 0.0°E and later relocated to 9.5°E. At the
time of writing, the 0.0°E position is occupied by MSG-3. The satellites
are spin-stabilized by a continuous rotation around their own axis with
a speed of 100 rpm and the axis is aligned to the rotational axis of the
earth.
The primary instrument is the Spinning Enhanced Visible and In-
fraRed Imager (SEVIRI), a line-by-line scanning passive radiometer with
three visible, one near infrared, and eight thermal infrared channels. It
scans one line with each rotation of the satellite; a full image contains
3712 lines. This results in a spatio-temporal resolution of 15 min and
3 km at nadir, which makes SEVIRI data suitable for a wide range of
applications (Schmetz et al. 2002). Lensky and Rosenfeld (2008) de-
scribe a number of useful RGB-composites3 based on several channels,
including the ‘Desert Dust’ product employed here. In this product, the
BTDsmeasured by the 12.0 and 10.8 µm channels (BTD12:0−10:8), which
indicates the opacity of clouds, ismapped to red. BTD10:8−8:7 ismapped
to green; the 8.7 µm channel is sensitive to the size of uplifted quartz
2Data was obtained from the Earth Observation Portal (https://eoportal.eumetsat.int).
3RGB-composites: For the creation of Red-Green-Blue (RGB)-composites values of
three or more channels are combined into one image. For this purpose each Bright-
ness Temperature (BT) of one channel or the Brightness Temperature Difference
(BTD) of two channels is mapped to one of the colors red, green, or blue. The three
color channels are then combined to one image.
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Deep Cb clouds
Thick water clouds
Clouds with small 
particles
Thin Ci clouds
Desert dust
Sands with 
quartz mineral
(A)
(B)
(C)
Figure 2.3.: Example for Meteosat SEVIRI ‘Desert Dust’ product. Capital letters indi-
cate important features: (A) cold pool with uplifted dust, (B) deep convective clouds,
and (C) cirrus clouds.
mineral particles. The brightness temperature in the 10.8 µm window
channel is mapped to blue and indicates cloud top and surface temper-
ature.
The ‘Desert Dust’ images are used in chapter 5 to illustrate the evo-
lution of selected cold pool events. Their most important features are
labeled with capital letters in Fig. 2.3. Cold pools are visible due to dust
uplift by pinkish colors (A). This characteristic has been used by several
studies investigating cold pool events in Northwest Africa (e.g. Mar-
sham et al. 2013b; Allen et al. 2013; Bou Karam et al. 2014). However,
this is only possible in the absence of higher level clouds and it is to
be expected that events are missed when relying on infrared images
(Ashpole and Washington 2013; Kocha et al. 2013). This is further sup-
ported by Heinold et al. (2013) who showed that up to 90% of cold pool
related dust emission in high-resolution model simulations is at least
partly covered by clouds. Also, an increased amount of CWV, which is
one of the effects of a cold pool, can hinder the detection of uplifted
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dust (Brindley et al. 2012). Clouds with a large vertical extend, like Cb,
appear in red (B) and thin cirrus clouds in black (C).
2.5. AMSU-B and MHS Microwave Data
To avoid problems with high-level clouds and increased CWV, the cold
pool climatology algorithm makes use of microwave satellite data,
namely the Advanced Microwave Sounding Unit-B (AMSU-B) on-board
National Oceanic and Atmospheric Administration (NOAA)-15, -16, and
-17 satellites as well as the Microwave Humidity Sounder (MHS) which
is the successor of AMSU-B on-boardNOAA-18, -19, MetOp-A and -B. As
the name already betrays, the NOAA satellites are operated by NOAA;
the MetOp-satellites by EUMETSAT in cooperation with NOAA. NOAA-
15, which is the ﬁrst to carry the AMSU-B instrument, was launched in
1998, NOAA-16–19 followed in 2000, 2002, 2005, and 2009. MetOp-
A was launched in 2006, MetOp-B in 2012, MetOp-C is at the time of
writing scheduled for 2018.
All these satellites are polar-orbiting with periods of approx. 100min.
Both instruments have two window channels, 89 GHz and 150 GHz
(AMSU-B) or 157 GHz (MHS), and three channels at the 183.3 GHz wa-
ter vapor absorption line. For AMSU-B these channels are 183.3±1, ±3,
and ±7 GHz, for MHS 183±7 GHz is replaced by 190 GHz. Both instru-
ments are designed as cross track line-scanned radiometerswith an an-
tenna beamwidth of approx. 1.1 degrees. Together with the nominal al-
titude of 850 km (AMSU-B) and 870 km (MHS) this translates to a nadir
resolution of 16.3 km (AMSU-B) and 17 km (MHS). The swathwidth4 for
both is approximately 2200 km. These instruments are able to reliably
detect deep convection (Burns et al. 1997; Bennartz and Bauer 2003;
Hong 2005). An example from June 2011 illustrates the advantage
of the microwave instruments: the infrared image (Fig. 2.4a, ‘Desert
Dust’ product) shows high-level clouds in a wide region over the At-
las Mountains, while on the microwave brightness temperature images
(Figs. 2.4b–d) the cores of the convective systems are clearly visible.
For the region of interest, 106,582 satellite overpasses (approximately
0.7 TB of data) were selected for the period 2002 to 2014, which cor-
responds to 22 overpasses per day on average. However, the number
of overpasses per year is not constant since the number of satellites
has changed over time. The smallest number of overpasses is avail-
able for 2002 (11.3 overpasses per day), the largest number for 2013
(28.7 overpasses per day).
4Swath width and resolution differ slightly from satellite to satellite as not all of them
fly at the nominal altitude.
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(a) MSG SEVIRI
00:00 UTC
21:30 UTC
(b) 157 GHz
(c) 183±1 GHz - 183±3 GHz (d) 183±1 GHz - 190 GHz
Figure 2.4.: Comparison of infrared and microwave data for a cold pool event on 21 June 2011: (a) Meteosat
SEVIRI ‘Desert Dust’ product at 2130 UTC (whole area) and 0000 UTC (elevated detail, dashed lines and arrows
indicate leading edge of cold pool and direction of propagation); (b–d) data fromMetOp-B overpass at 2121 UTC;
(b) brightness temperature of the 157 GHz channel; (c) difference between brightness temperature of the 183±1
and 183±3 GHz channels; (c) difference between brightness temperature of the 183±1 and 190 GHz channels.
Source: Redl et al. (2015)
Data were obtained as raw instrument counts (level 1b) from the
NOAAComprehensive Large Array-Data Stewardship System (CLASS)5
and converted to brightness temperatures (level 1c) using the ATOVS
and AVHRR preprocessing package (AAPP; Labrot et al. 2011) . This
conversion also includes a correction for Radio Frequency Interference
(RFI), which is especially crucial for NOAA-15 (Atkinson 2001).
Products using data from space-borne radar instruments, like those
aboard the TRMM and Global Precipitation Measurement (GPM) satel-
lites, were not taken into account due to their lower spatio-temporal
coverage. This lower coverage is caused by the smaller number of
satellites combinedwith smaller swath widths. Moreover, blended rain-
fall products derived from these and other satellites incorporate in-
frared measurements with the flawsmentioned above, rendering these
gridded products inadequate for the task of convection screening.
5CLASS web page: http://www.nsof.class.noaa.gov
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2.6. ECMWF (Re)-Analysis Data
The operational analysis of the European Centre for Medium-Range
Weather Forecasts (ECMWF) serves as initial and boundary condition
for all WRF model runs. Data for the ﬁrst case in 2011 are from the In-
tegrated Forecast System (IFS) cycle6 37r2, data for the second case
in 2012 from cycle 38r1. Changes between these cycles include the
assimilation of additional satellite data and an updated convection
scheme. The horizontal resolution of T1279 (approx. 0.14°) and the
number of vertical layers (91) did not change. Data were obtained at a
6-hourly temporal resolution.
In addition to the operational analysis the re-analysis ERA-Interim
(Dee et al. 2011) is used. It provides information about the climato-
logical state of the SHL in chapter 1 and is included for comparison in
some ﬁgures shown in chapter 5. ERA-Interim is created with the cy-
cle 31r2 and updated regularly. The resolution is T255 (approx. 0.75°)
in horizontal and 60 layers in vertical direction. Required ﬁelds of both
datasets were obtained fromECMWF’sMeteorological Archival and Re-
trieval System (MARS).
6ECMWF Model Cycles: The ECMWF calls the versions of its forecast system ‘cycles’.
Detailed information about changes between cycles are listed on their web page:
www.ecmwf.int.
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3. Methods
This chapter is divided into two sections. At ﬁrst in section 3.1, the al-
gorithm for the creation of cold pool climatologies is described, these
methods are published in Redl et al. (2015). This is followed in sec-
tion 3.2 by a description of the WRF model, modiﬁcation of the model,
and the experimental setup for the case studies, these methods are
published in Redl et al. (2016).
3.1. Objective Cold Pool Detection Algorithm
The objective cold pool detection algorithm consists of three steps: (a)
preselection of cases based on station data; (b) grouping of contem-
poraneous cases frommultiple stations into single events; (c) conﬁrm-
ing the existence of a nearby convective system based on microwave
satellite data.
3.1.1. Ground Observation Screening
In the ﬁrst step, station data is screened for typical characteristics of
the leading edge of a convectively generated cold pool. In general,
these characteristics are high horizontal wind speeds, high Turbulent
Kinetic Energy (TKE), increase in surface pressure, decrease of tem-
perature, and increase in dew point temperature (e.g. Knippertz et al.
2007; Engerer et al. 2008). As in Emmel et al. (2010), only the most sta-
ble, and with the selected data sources available indicators, which are
mean horizontal wind speed (vmean) and increase in dew point temper-
ature (ΔTd), are ultimately used (an example case is shown in Fig. 3.1).
The selected thresholds are ΔTd ≥ 4 K in 30 min and vmean ≥ 4 ms−1 in
the following hour. In addition to these thresholds, another requirement
is no precipitation ±1 h around the detected jump in Td, since rainfall
near the station can increase Td in the absence of a convective cold
pool event. Ignoring stations that are directly affected by rain does not
hinder the detection of large events, as they usually affect multiple sta-
tions. However, the absolute number of cases detected in data from
the IMPETUS stations is reduced by about 32% due to this criterion.
The above-described thresholds are identical to those chosen in Em-
mel et al. (2010) and based on case studies of cold pool events south
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(c)(a)
(b)
(d)
(e)
Figure 3.1.: An example case detected by the automated algorithm in ground observations from the IMPETUS
station network (Fig. 2.1; Table 2.1) and satellite observations from MetOp-B in September 2009: (a) bright-
ness temperatures measured in the 157 GHz channel; (b) horizontal gradient in brightness temperatures of the
157 GHz channel; (c) dew point temperature measured by AWSs; (d) wind speed measured by AWSs, JHB is not
included due to an instrument failure at this time; red color in c and d indicate fulﬁlled criteria; (e) overview of
measured values in tabular form (only stations that fulﬁll the criteria, TD = increase in dew point temperature, FF
= mean wind speed in the hour following the dew point increase, DD = mean wind direction in the hour following
the dew point increase). The wedge-shaped brighter areas in (a) and (b) indicate the pixels used by the algorithm
for convection screening. Source: Redl et al. (2015).
of the Atlas Mountains (Knippertz et al. 2007). In some rather rare in-
stances, these thresholds are also exceeded by smaller events not of
interest here, such that an additional threshold for the dew point tem-
perature was deﬁned: the average of one hour after the detected jump
has to be 2 K larger than the average one hour before the jump. The
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other indicators mentioned before suffer from different difﬁculties but
could potentially be used in the presence of appropriate measurement
equipment to reduce uncertainties: turbulence is not reported fromsyn-
optic stations and not measured from the AWSs in use; the increase in
surface pressure is often weak and only detectable with high precision
instruments; a decrease in temperature with the arrival of the cold pool
can be masked at night by downward mixing of warmer air from above
a surface inversion (Knippertz et al. 2007). The downward mixing of
heat is discussed in more detail in section 5.6.
The thresholds described above are well suited for AWSs with a high
measurement frequency, in the case of the IMPETUS station network
10 to 15 min. However, for an application to synoptic stations, longer
measurement intervals need to be considered. This is neither for the
precipitation and wind speed criteria, nor for the difference in Td one
hour before and after the passage of concern. But the actual abrupt
jump in Td during the passage of a cold pool’s leading edge is often
not well captured. The best-case scenario for a measurement interval
of one hour is that the passage falls between two measurements. In
this case a measured increase of 4 K would result in 2 K per 30 min.
The worst-case scenario is that the passage coincides with one mea-
surement. In this case half of the 4 K increase would happen before the
measurement, the other half afterwards. This would result in 4 K per 2 h
or 1 K per 30min. This issuewas addressed statistically by thinning out
the observations from the IMPETUS station network to hourly temporal
resolution. The threshold for ΔTd was then reduced in 0.1 K steps until
the minimal bias between the number of events detected with full and
reduced temporal resolution was reached. Fortunately, the worst-case
scenario mentioned before is much less likely and the actual increase
in Td is often signiﬁcantly larger than 4 K. Theminimal bias (+3.1%) was
reached for ΔTd = 2:5 K, where 255 of 357 single station events were
matched, 113 events were added, and 102 events were removed. The
procedure was repeated for a temporal resolution of 30 min, where the
minimal bias (+3.4%) was reached with ΔTd = 3:5 K. In this case 308 of
357 events were matched, 61 events were added, and 49 events were
removed.
Station A
time: t1
wind speed: v1
Station B
time: t2
wind speed: v2
∆x
Figure 3.2.: Illustration for the calculation
of the maximal distance between two
stations.
The characteristics of the lead-
ing edge are very likely detected
at multiple stations at the same
time or within a short time pe-
riod, especially in the case of a
dense station network like the
one described in section 2.1. The
number of stations where the de-
tection thresholds are exceeded
could provide information about the strength or spatial extent of the
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events, but should otherwise not influence the climatology. Thus, in
the second step of the algorithm, cases detected at single stations that
happen nearly simultaneously are grouped together into single events,
as they belong very likely to the same cold pool or at least to the same
convective episode, which can create several connected cold pools.
Emmel et al. (2010) used ﬁxed time intervals for all pairs of stations for
this purpose. Here, in order to make the algorithm applicable to other
station networks as well, the maximum time difference between two
station cases depends on the distance between the stations (Δx) and
the average of the observed wind speed at both stations (v1 and v2, see
Fig. 3.2). The selected criterion is that the propagation of the cold pool
should not be slower than the half of the observed wind speed. This re-
sults in amaximum time difference for the detection at both stations of
Δtmax = 4Δx/(v1+v2). If the observed time difference (Δt = abs(t1−t2))
is larger than Δtmax, then the single cases are considered to have differ-
ent sources. In addition to the time criterion, a maximum distance Δx
of 1000 km is allowed. As in Emmel et al. (2010), an event is classiﬁed
as a cold pool event if observed at least at two stations. Cases that
are only detected at one station, but are too weak to exceed the thresh-
olds at another one, are ignored for the climatology. This criterion has
a quite restrictive effect as more than half of the cases detected in the
IMPETUS network is only detected at one station. But its application
together with the requirement for no rain ±1 h and the persistently in-
creased Td for one hour ensures that the created climatology is a con-
servative estimation for the occurrence of large-scale cold pool events
and not biased by the potentially much more frequent occurrence of
smaller-scale cold pools and microbursts.
3.1.2. Microwave Satellite Convection Screening
Not only convective cold pool events are selected by the ﬁrst two steps
of the algorithm, but also large-scale flows like cold inflows from an
adjacent ocean or synoptic cold fronts could fulﬁll the same criteria.
These synoptic-scale features are better reproduced by numericalmod-
els than cold pools. Since model evaluation is an intended application
of the created climatologies, the third step of the algorithm is designed
to remove these events not related to deep convection by means of mi-
crowave satellite data. Satellite overpasses from a time window of -6 h
to +3 h around the event are selected. These overpasses are scanned
for convection in a radius of 324 km (6 h × 15 ms−1) around the in-
volved stations in a view angle of ±60 degree relative to the mean ob-
servedwind direction (an example for this wedge-shaped area is shown
in Figs. 3.1a and b). The selected value of 15 ms-1 is the mean wind
speed found by Engerer et al. (2008) for cases in Oklahoma. Here, this
value was adopted although Knippertz et al. (2007) found somewhat
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Table 3.1.: Criteria applied during the three steps of the convective cold pool event detection algorithm. Sym-
bols: Td = dew point temperature in 2 m; tmax = maximal time difference between the detection at two stations;
Δx = distance between two stations; vi = wind speed measured at the i-th station; vmean = mean wind speed in
60 min
Description Threshold
Step 1 ∶ Preselection of cases based on station data
Increase of dew point temperature (ΔTd) within 30 min ≥ 2.5 K–4 K
(observation interval dependent)
Difference between mean Td within 60 min after jump in
Td and 60 min before jump in Td
≥ 2 K
Mean wind speed (vmean) within 60 min after jump in Td ≥ 4 ms-1
Precipitation ±1 h around jump in Td = 0 mm
Step 2 ∶ Grouping of contemporaneous cases from multiple stations into single events
Maximal time between jump in Td at two stations Δtmax =4Δx/(v1 + v2)
Maximal distance between stations (Δx) 1000 km
Minimal number of stations for one event 2
Step 3 ∶ Conﬁrming the existence of a nearby convective system based on microwave satellite
data.
Convective event detected by gradient in 150/157 GHz
brightness temperature
≥ 1.8 K–2.55 K
(scan position dependent)
Maximal distance between station(s) and convection in
satellite image
324 km (6 h × 15 ms-1)
Maximal angle between wind direction and connection
line between station(s) and convection in satellite image
60°
lower values of 8–12 ms-1. A summary of all applied criteria for the
detection of convective cold pool events is given in table 3.1.
In the microwave channels of AMSU-B and MHS, convection be-
comes visible through a reduction of brightness temperatures due to
scattering by large ice particles. Bennartz and Bauer (2003) found the
150 GHz window channel to be most sensitive to these particles, and
concluded that this channel should be used in mid and high latitudes.
However, this channel is also sensitive to the surface emissivity, which
in turn is affected by snow cover, a phenomenon not uncommon for
the High Atlas in winter and spring. An alternative, which is not sensi-
tive to surface emissivity, are the channels around the water vapor ab-
sorption line at 183.3 GHz, since their weighting functions peak above
10 km. Burns et al. (1997) suggested to use the difference between the
183.3±1 and ±3GHz channels for convection screening. This approach
is only well suited for the tropics, because of the high altitude peak in
the weighting function of these channels (Bennartz and Bauer 2003).
Hong (2005) used all three channels around 183.3 GHz for a method
to detect convection and convective overshooting between 30°S and
30°N. His criterion is that the difference between 183.3±1 and ±3 GHz
as well as the difference between 183.3±1 and ±7 GHz is positive (at
nadir).
The differences between the 183 GHz channels give a very clear dis-
tinction between areas with active convection and their surroundings
35
3. Methods
scan positon scan positon
BT
 d
i
er
en
ce
 to
 n
ad
ir 
[K
]
A
bs
ol
ut
e 
BT
 [K
]
(a) (b)
Figure 3.3.: Mean values for BTs at all scan positions averaged over all overpasses and all satellites. (a) Differ-
ences to nadir values; (b) absolute values.
(cf. Figs. 2.4c and d). Unfortunately, these channels are affected by
noise in many instances. On the one hand this is due to RFI as men-
tioned in section 2.5; on the other hand, an increase in noise levels over
time was found within the 183 GHz channels of some satellites. A sim-
ple, but effective algorithm to estimate noise variance of images, orig-
inally designed for the processing of photographs (Immerkær 1996),
was applied to detect affected overpasses. It turned out that NOAA-
15, -16, and -19 were particularly affected by increasing noise levels.
Details are described in appendix A.1. In order to obtain a method of
convection screening that is stable over time, it was therefore decided
to use the 150 or 157 GHz channel, which is unaffected by noise. In
order to overcome the surface emissivity issue, the horizontal gradi-
ent of the brightness temperatures was used rather than the values
themselves. In addition, pixels with a distance of less than 50 km to
the coastline were ignored as the different emissivity of water and land
surface cause a large gradient as well. For the gradient, a threshold of
2.55 K was chosen by comparing the 150/157 GHz and 183 GHz chan-
nels of all noise-free satellite overpasses. At nadir, this yields the same
number of cases like the Hong (2005) algorithm. Away from nadir, the
threshold was adapted to account for the view angle (see next section).
Cases are deﬁned here as one pixel or a contiguous block of several
pixels above the threshold.
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Figure 3.4.: (a) Probability to detect a convective event (number of events per 10000 pixel), binned every three
pixel across track before and after limb effect correction; (b) threshold for brightness temperature gradients in
the 150/157 GHz channel for convection screening after limb effect correction. Source: Redl et al. (2015).
3.1.3. Limb Correction for AMSU-B and MHS
Like other cross-track scanning instruments, AMSU-B and MHS are af-
fected by a so-called limb effect. This effect arises from the shorter
path through the atmosphere at nadir compared to the outer scan posi-
tions. Thus, the weighting functions at outer scan positions are shifted
upward in altitude (Goldberg et al. 2001) and render constant thresh-
olds for the detection of convection problematic. This issue can be
addressed by a correction of the brightness temperatures themselves
(cf. Wark et al. 1993; Goldberg et al. 2001; Eymard et al. 2010) or, alter-
natively, by scan-position-dependent thresholds (cf. Hong 2005). The
latter solutionwas selected, since absolute brightness temperature val-
ues are not of interest here.
Based on a cloud model and a radiative transfer model, Hong (2005)
suggested a threshold between 0 K at nadir and about 20 K at the out-
ermost scan positions for the differences of the 183.3 GHz channels.
In amore recent review of the Hong algorithm based on observations, a
much smaller viewangle dependency of 3.2 to 5.0 Kwas found (Xu et al.
2009). These authors considered this to be negligible and suggested a
constant threshold of 0 K. Even if hardly visible by eye (see Fig. 2.4b),
the 150/157 GHz channel is signiﬁcantly affected by the limb effect
(Fig. 3.3). The outermost scan positions appear darker. To quantify
this effect for the gradient-based convection screening, the probability
to detect an event was calculated for three-pixel wide bins that were
aligned in an across-track direction. The outermost bins were ignored,
as the edge of the swath often cuts through a convective system. With-
out a limb effect, it should be equally probable to detect an event for
each scan position. However, it was found that it is more than twice as
likely to detect convection in the center of the swath compared to the
margins (Fig. 3.4a).
A prerequisite for a meaningful climatology is to overcome this view
angle dependency for the convection screening. Therefore, a correc-
tion procedure was developed with the aim to get the same detection
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probability at each scan position as at nadir. We use an iterative proce-
durewith three steps inwhich only land pixels are considered: (a) calcu-
lation of the detection probability for convective events (pconv) and cal-
culation of the empirical Complementary Cumulative Censity Function
(CCDF = 1 − CDF) of the gradient in brightness temperature (CCDFgrad)
for each scan position x; (b) calculation of the ratio between the detec-
tion probability at nadir and at each scan position x:
r[x] = pconv[nadir]/pconv[x] (3.1)
the nadir value of pconv is the average over the two central 3-pixel-bins;
(c) selection of a new threshold (Tnew[x]) for each scan position with a
probability of occurrence r[x] times higher than the original one:
qnew[x] = CCDFgrad(Told[x]) ⋅ r[x] (3.2)
Tnew[x] = CCDF−1grad(qnew[x]) (3.3)
Finally, a fourth-order polynomial is ﬁtted to the new thresholds.
The event detection probability is not directly proportional to prob-
abilities of gradient values at individual pixels. The reason is that an
event consists of several continuous pixels above threshold and the
number of pixels per event also depends on scan position. Thus, ap-
plying equations (3.1) – (3.3) does not directly yield the result shown
in Fig. 3.4 but is only a step in this direction. After six iterations, this
procedure results in an almost flat detection characteristic. It is worth
noting that the ﬁnal thresholds (Fig. 3.4b) are not symmetric about the
center. This can be explained by asymmetries in the measured bright-
ness temperatures themselves (Fig. 3.3). These asymmetries actually
differ from satellite to satellite (Buehler et al. 2005b), but this was ig-
nored here as the number of overpasses per satellite would otherwise
not have been sufﬁcient for a robust statistic.
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Figure 3.5.: Model domain with orography. Shown are parent and nest domain indicated with bold black lines.
3.2. Sensitivity Experiments with WRF
All sensitivity experiments are designed as a comparison between an
undisturbed control run with realistic convective cold pools and modi-
ﬁed runs. These include ‘unphysical’ changes to the treatment of latent
heating and cooling, as well as the usage of convection parameteriza-
tion schemes.
3.2.1. The WRF Model and its Conﬁguration
TheWeather Research and Forecast (WRF)model is a numerical model
primary developed in cooperation between the National Center for At-
mospheric Research (NCAR), the National Centers for Environmen-
tal Prediction (NCEP), which belong to NOAA, the Air Force Weather
Agency (AFWA), and the Federal Aviation Administration (FAA). It is de-
signed for research as well as for operational weather forecasts and
offers a wide range of applications from Large eddy simulations (LESs)
overmeso-scale to global simulations, and fromnow-casting to climate
projections. At the time of writing, it is operationally in use at the cen-
ters NCEP and AFWA.WRF is an open-source project and the user com-
munity is encouraged to contribute to the development of the model
itself as well as to related tools. Not least, this is supported by the very
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Table 3.2.: Conﬁguration of the WRF model used for all experiments. Deviations from this setup are made only
for low resolution experiments described in section 3.2.4 and 5.7.
Setting Description Parent Nest
projection rotated lat-lon grid ✓ ✓
center point 25°N, 0°E 25°N, 0°E
grid points 1000 × 1000 500 × 500
resolution 0.081° (9 km) 0.027° (3 km)
vertical layers 20 below η = 0.8 70 70
time step 30 s 10 s
Parameterization schemes
microphysics Morrison double moment (MOR2) ✓ ✓
SW/LW radia-
tion
Rapid Radiative Transfer Model for
GCMs (RRTMG)
✓ ✓
boundary layer Mellor-Yamada-Nakanishi-Niino
level 2.5 (MYNN2)
✓ ✓
land surface Noah land surface model ✓ ✓
convection Grell-3d ✓
extensive user guide (Wang et al. 2013) and technical documentation
(Skamarock et al. 2008; Janjić et al. 2010).
WRF combines two alternative dynamical cores into the common
WRF Software Framework (WSF). On the one hand, this is the Non-
hydrostatic Mesoscale Model (NMM) core (Janjić et al. 2010), devel-
oped mainly by NCEP, and based on the Eta-model (Black 1994). On
the other hand, this is the Advanced Research WRF (ARW)1 core (Ska-
marock et al. 2008), developed mainly by NCAR, and based on the
MM5-model (Grell et al. 1995). Both cores solve the fully compress-
ible non-hydrostatic Euler equations and would have been suitable for
the present study. ARWwas selected as it ismore flexible, e.g., in terms
of available parametrization schemes, and also more commonly used
in research applications. Version 3.5.1, released in September 2013 is
used here for all experiments.
Even though the focus of this study is on cold pool events originating
from the Atlas Mountains, the model domain covers a much larger re-
gion in order to have a realistic representation of the SHL and all ventila-
tion mechanisms at its fringes. The model domain is centered at 25°N
and 0°E, close to the climatological center of the SHL in June and July
(Fig. 1.3). A two-way nesting is used with a horizontal resolution in the
parent domain of 0.081°(approx. 9 km), which covers the western part
of the African continent and parts of southern Europe (Fig. 3.5). The
1ARW vs. NMM: Both model cores offer a comparable set of features. Thus, it
can be speculated whether the development of both versions will continue unlim-
itedly. At the time of writing, the NMM user web page (http://www.dtcenter.org/wrf-
nmm/users) states that funding for NMM has ended and support will no longer be
provided.
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nest domain has a horizontal resolution of 0.027° (approx. 3 km), cov-
ers the SHL, the Atlas and Hoggar Mountains, and extends far enough
south to include MCSs at the southern flank of the SHL. The two-way
nesting was selected as it enables feedback from the nest to the par-
ent domain. Modiﬁcations to the pressure gradient at the fringes of
the SHL, e.g., caused by cold pool events located inside the nest do-
main, can in such a setup influence the atmospheric flow in the parent
domain, which in turn may alter the ventilation of the SHL. A one-way
nesting without feedback from the nest domain would break this back
coupling, with negative consequences for the interpretability of the ex-
periments.
In the vertical, the upper boundary of the domain is set to 30 hPa, 70
layers are used, 20 of thembelow η = 0:8 (about 1.8 kmabove ground; η
is the terrain-following vertical coordinate of WRF). The number of lay-
ers in the PBL is usually ﬁxed in WRF with 11 layers below η = 0:8 and
independent of the total number of layers. Increasing this number has
been shown to have a positive effect on other PBL phenomena such as
the NLLJ and low-cloud formation over southern West Africa (Schus-
ter et al. 2013). The selection of parameterization schemes, listed in
Table 3.2, is consistent with this study. References to all parameteriza-
tions can be found in the WRF User Guide (Wang et al. 2013).
3.2.2. Modiﬁcations of Model Microphysics
To quantify the impact of large-scale convectively driven cold pools
from the Atlas Mountains on the SHL, it is necessary to remove the
cold pools as completely as possible without perturbing the model oth-
erwise. The most drastic way is to suppress Latent Heat (LH) release
over the entire domain. This approach, however, also suppresses con-
vection in the Sahel and therefore makes it difﬁcult to separate the ef-
fect of Atlas convection on the SHL. Consequently, the manipulations
to the model microphysics were restricted to elevated terrain in Mo-
rocco, Algeria, and Tunisia. Technically the selection of this area is
implemented as a set of additional namelist settings in the model con-
ﬁguration. The settings contain corner coordinates of a polygon (red
line in Fig. 3.6) and a threshold for the elevation. Setting this threshold
to 500 m results in the blue area shown in Fig. 3.6 where the bulk of
convection north of the SHL occurs (see section 4.2).
The ﬁrst two days of the case discussed in section 5.2 are used here
to analyze the consequences of different ways to remove convective
cold pools. In a ﬁrst experiment, latent heating and cooling were sup-
pressed completely, resulting in removal of convection and associated
cold pools in the Atlas region. The problem with this approach is that
removing the whole convective systemmeans that the upper-level flow
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Figure 3.6.: Grid points with manipulated microphysics. Red line indicates a polygon
deﬁned by namelist settings that describes an area in which elevated grid points are
searched. The blue shading indicates the selected grid points.
is signiﬁcantly changed (Fig. 3.7d). The upward transport of mass and
the anti-cyclonic outflow at the tropopause are missing. Consequently,
the difference in surface pressure between control run and experiment
are not solely caused by the removal of cold pools. Also, two addi-
tional unwanted side-effects are found. Firstly, the suppression of con-
vection does not hinder the development of precipitation completely.
Light stratiform rain is produced, which is neither reaching the surface
at most grid points (Fig. 3.8a) nor is the evaporative cooling strong
enough to form a cold pool (Fig. 3.7a). On the one hand, it is desired
not to create a cold pool, but on the other hand it is an issue that not
enough moisture is removed from the atmosphere. This is the cause
for the second side effect. The moisture, not precipitating out over the
Atlas Mountains, is transported westward and triggers convection out-
side of themodiﬁed area one day later. A signiﬁcant cold pool centered
approx. on 1°E, 29°N and spanning about 600 km is simulated in the
second night of the experiment (Fig. 3.8b). This event is not observed;
experiments spanning multiple days are therefore difﬁcult to interpret.
Given the temporal clustering of convection, which is one of the re-
sults from the cold pool climatology (see section 4.3), however, exper-
iments over several days are desirable. Thus, a second experiment
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1
Figure 3.7.: Differences between the control run of the ﬁrst case at 21 June, 06 UTC (+30h) and runs with three
differentmethods of cold pool removal (control run –modiﬁed run). Left column: no LHover theAtlasMountains.
Center column: no LH below cloud base. Right column: no evaporative cooling at grid cells with rain. Top row:
2 m dew point temperature [K]. Bottom row: wind speed in 500 hPa [ms-1]. Source: Redl et al. (2016).
was designed with the aim to remove the cold pool while keeping the
convective system itself as intact as possible. A main driver for the
cold pool is the evaporation of raindrops on their way from the cloud
to the surface. The idea behind this experiment is therefore to dis-
able the evaporative cooling (LH < 0) below cloud base. In addition,
the water vapor created by evaporation (ΔQvapor) below cloud base is
removed. This experiment did not disturb the upper-level flow signiﬁ-
cantly (Fig. 3.7e), but the cold pool was also only partially removed (cf.
Figs. 3.7a and b). This experiment is therefore well suited to investigate
the amount of rain evaporated below cloud base, but the total effect of
the cold pool remains unclear.
To overcome this issue, vertical proﬁles of latent heating and mixing
ratios of all hydro-meteors were calculated from the control run of the
test case. Proﬁles from grid points over the Atlas Mountains, where
rain reached the surface at 18 UTC (5006 proﬁles in total) were se-
1
Figure 3.8.: Consequences of disabled latent heat release over the Atlas Mountains: (a) Sum of mixing ratios for
rain, snow, and graupel at 18 UTC on ﬁrst integration day. (b) 2 m dew point temperature [°C] (shading) overlaid
with 10 m wind vectors after 48 h.
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lected, moved into a common origin relative to their respective cloud
bases, and then averaged. The maximum evaporative cooling was
found about four model layers above cloud base (Fig. 3.9a). Accord-
ing to the proﬁles of the mixing ratios for rain (Qrain), graupel (Qgraupel),
and snow (Qsnow), this is not where the strongest evaporation of rain
is found, but where snow and graupel melts to rain. This is supported
by Engerer et al. (2008), who found ice processes to be particularly im-
portant for the strength of a cold pool. Thus, the explanation for the
incomplete removal of the cold pool in the second experiment is that a
signiﬁcant fraction of cooling remained in the system (Fig. 3.9b).
Therefore, a third experiment was created. Again modiﬁcations are
only applied to the grid points over the Atlas Mountains, but this time
evaporative cooling and ΔQvapor were set to zero for grid cells with
Qrain > 0 and LH < 0. This effectively removes all cooling from the
system (Fig. 3.9c), but the release of latent heat remains largely un-
changed. As a result, the upper part of the convective systems devel-
ops in a way comparable to the control run (Fig. 3.7f), while the cold
pool is removed (Fig. 3.7c). This also indicates that, unlike MCS in the
Sahel, the cold pool is notmandatory for the organization of the system.
All further experiments are carried out with this model conﬁguration.
3.2.3. Tracing of Moisture from Evaporation of Rain
In addition to running sensitivity experiments with removed cold pools,
a tracer variable for water vapor created by the evaporation of rain (Qev)
is introduced to WRF and used in the control runs. For each time step t,
the tendencies in water vapor created from the microphysics scheme
(ΔQvapor) are added to this new tracer variable:
Qev(t) = Qev(t − 1) + ΔQvapor (3.4)
This is only done for grid points located over the Atlas Mountains with
LH < 0, Qrain > 0, and ΔQvapor > 0. The new tracer is then advected with
the model winds. To get a realistic estimation of how far this mois-
ture can be transported, account is also taken for the ‘consumption’
of moisture by the creation of new cloud drops or other microphysical
processes over the whole domain, also away from the AtlasMountains.
For grid points with ΔQvapor < 0 the tracer is then reduced:
Qev(t) = Qev(t − 1) −min(Qev(t − 1);−ΔQvapor) (3.5)
Cycles of consumption and recreation away from the Atlas are not
taken into account, e.g., if the moisture from the tracer is used to cre-
ate a new cloud and possibly rain drops outside the Atlas Mountains
domain delineated in Fig. 3.6, then the moisture from the evaporation
of these drops is not fed back into the tracer. Thus, the tracer variable
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Figure 3.9.: Average vertical proﬁles of latent heating/cooling aswell asmixing ratios
for all hydrometeor species in the usedmicrophysics scheme. Proﬁles are calculated
by selecting grid points where rain reaches the surface over the Atlas Mountains at
18 UTC and aligning these proﬁles to their cloud base. (a) Control run, (b) no LH below
cloud base, and (c) no evaporative cooling at grid cells with rain. Source: Redl et al.
(2016).
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Table 3.3.: Parameterization schemes for deep convection used in low resolution ex-
periments. References can be found in Wang et al. (2013)
WRF namelist Abbrev: Scheme
1 KF Kain-Fritsch
2 BMJ Betts-Miller-Janjic
3 GF Grell-Freitas
4 OSAS Old Simpliﬁed Arakawa-Schubert
5 G3 Grell-3D
6 Tiedtke Tiedtke
7 ZMF Zhang-McFarlane
14 NSAS New Simpliﬁed Arakawa-Schubert
introduced here yields a conservative estimation of the effect of mois-
ture created by cold pools from the Atlas Mountains. Finally, the tracer
variable is enabled in both WRF domains, but values from the parent
domain are overridden by the child domain in overlapping areas due to
the usage of two-way nesting.
3.2.4. Low Resolution Experiments with Different Convection
Schemes
It has been shown that deep convection over the Sahel is responsible
for a signiﬁcant part of the monsoonal northward moisture flux and
that parameterized convection leads to a signiﬁcant bias not only in
transport of moisture, but also in geopotential height in the Sahel re-
gion (Marsham et al. 2013a). These conclusions were drawn from
comparison between runs using the UK Met Ofﬁce Uniﬁed Model (UM)
with parameterized and explicitly resolved deep convection at horizon-
tal resolutions of 4 and 12 km. It is not clear whether these conclusions
are robust for other convection schemes and coarser horizontal reso-
lutions. Regional climate simulations for Africa are today usually per-
formed with horizontal resolutions of 25 to 50 km (0.22° to 0.44°) (e.g.,
Jones et al. 2011). Also, the Atlas Mountains at the northern flank of
the SHL were not part of the model domain. Therefore, for the ﬁrst
case study additional model runs using horizontal resolutions of 0.22°,
0.44°, and 0.75° were carried out with eight different parameterization
schemes for deep convection but otherwise conﬁgurations identical to
the parent domain of the control run (Table 3.3).
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Pool Events
The most important results presented in this chapter have been pub-
lished in Monthly Weather Review: Redl et al. (2015).
4.1. Climatology with Station Data
The convective cold pool detection algorithm was ﬁrst applied to the
IMPETUS station network described in section 2.1. The year-to-year
variability within the 10-year period from 2002 to 2011 shows no clear
trend with an average number of 13.6 cases per year, but large differ-
ences between particular years from 9 (2004) to 22 (2008) cases per
year (Fig. 4.1a). The year of 2012 was very likely the year with the
weakest activity of convection during the whole period regarding the
region covered by the IMPETUS stations, but the average number of
cases per year was calculated without 2012 due to missing data from
23 September onwards. Deviations of the number of cases per year to
Emmel et al. (2010) are largest for the years 2002 and 2003. In 2002,
Emmel et al. (2010) found ﬁve cases more. One of them did not ful-
ﬁll the slightly stricter criteria for the station data applied here (Td has
to stay higher for at least one hour), the other four cases were identi-
ﬁed in station data, but did not fulﬁll the satellite criteria. Convective
systems in these cases were too small or too far away from the sta-
tions. However, it is still possible that these cases are also cold pool
events, but they have likely beenweaker than the other events identiﬁed
by the criteria in the present study. In 2003, the automated algorithm
identiﬁed six cases more than Emmel et al. (2010), and from 2004 to
2006 two cases more per year. Additional cases are not surprising, be-
cause Emmel et al. (2010) used infrared images (10.8 µm) inwhich high
clouds can obscure low-level arc clouds and temperature differences
associatedwith the leading edge of a cold pool. In four of the additional
cases in 2003, themicrowave images showedmultiple convective cells
around the stations. In such a situation contiguous high-level cloud
shields are particularly likely. However, it should be remarked here that
the automated algorithm is not able to distinguish a synoptic cold front
with embedded deep convection from convection not associated with
a frontal system.
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(a)
(b)
(c)
Emmel et al. 2010 (2002 - 2006)
Automatic algorithm (2002 - 2012)
Emmel et al. 2010
Automatic algorithm
IMPETUS dataset
(d) Automatic algorithm
ISD dataset
(e) Automatic algorithm
(f )
Figure 4.1.: Climatology of cold pool events created from the IMPETUS dataset (a–c) and the ISD dataset (d–f):
(a and d) Number of cases per year; (b and e) average number of cases per month; (c and f) average number
of cases per station and year. For all panels only months with more than 80% data availability per station are
included in the calculation. The hatching in (a) indicates incomplete data for 2012. Source: Redl et al. (2015).
The annual cycle is unimodal with a maximum in August (Fig. 4.1b),
which is contradictory to the bimodal annual cycle of precipitation with
a summer minimum at the same stations (cf. Fig. 2.2). This tempo-
ral coincidence of the maximum in convective activity with the mini-
mum in precipitation measured at the surface indicates that the major-
ity of convective precipitation during the summer months evaporates
before the surface is reached. The average number of cases per month
from May to September is 2.3. Emmel et al. (2010) also identiﬁed Au-
gust as the most active month, but found fewer cases for June and
July. These differences are also evident for a subsample for the years
2002–2006 (not shown) and could be related to mid-latitude cyclones
and their frontal systems with embedded convection creating ambigu-
ous cases during early summer. Such convection embedded in cloud
bands is harder to detect in IR-images. The maximum in August co-
incides with a maximum in mid-level moisture transport from tropical
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West Africa. These Tropical-extra-Tropical Interactions (TEI) were ana-
lyzed by Knippertz (2003) based on mid-tropospheric backward trajec-
tories. It could be shown that themajority of the precipitation that fell in
August and September at the synoptic station of Ouarzazate (60265),
which is in the vicinity of the IMPETUS station network, is related to TEI.
In these months, the mid-level moisture transport combined with oro-
graphic forcing frequently triggers convection over the AtlasMountains
(Knippertz et al. 2003). The number of cases per year and station dif-
fers signiﬁcantly, even between neighboring stations (Fig. 4.1c), which
is likely a consequence of the complex terrain surrounding the stations.
This ﬁnding is in agreement with Emmel et al. (2010), who also identi-
ﬁed EMY and JHB as the stations most often affected by cold pools.
The IMPETUS station network covers only a very small area of the
Saharan flank of the Atlas Mountains. With these stations alone, it is
difﬁcult to draw conclusions about the whole region and about how
representative the IMPETUS stations are for a larger region in North
Africa. The ISD dataset described in section 2.3 helps to overcome this
issue. It includes stations with sufﬁcient data availability for Morocco,
Algeria, and Tunisia. The larger distances between the stations make
it less likely to detect the same cold pool event at more than one sta-
tion. This is especially relevant for stations without direct neighbors
like Béchar (60571) or Tiaret (60511) where the number of detected
events per year is reduced by up to 54% due to the requirement of a
second station. Also, Ouarzazate (60265), which has no direct neigh-
bor on the same side of the High Atlas, is affected with a reduction of
35% or 2.5 events per year. Both the coarser spatial station network
and the coarser temporal resolution (30 min to 1 h) of the observations
influences the comparability between the results achieved with both
datasets. Nevertheless, the coarser temporal resolution was taken into
account by adapted thresholds for ΔTd (see section 3.1.1). Even if this
introduces uncertainty for single cases, averages over longer time peri-
ods should be reasonable. An example is Ouarzazate (60265), which is
located close to BSK and ARG. For all three stations the algorithm de-
tects 4 to 5 cases per year (Figs. 4.1c and f). The analyzed time period
is too short to calculate a smooth annual cycle from a single station,
but as for the IMPETUS stations, the majority of events at Ouarzazate
is also detected from May to September (50 of 61 events).
The number of cases per year for the ISD stations is 36.9 with 5.9
cases per month from May to September (Figs. 4.1d–e). The absolute
numbers are larger compared to the IMPETUS stations due to the larger
area covered. The pattern of the inter-annual variability shows similar-
ities in terms of relatively active and inactive years, but also deviations
like for 2003, which was relatively inactive using ISD, but not for the
IMPETUS stations. Other interesting aspects of the ISD dataset are:
(1) The region south of the Saharan Atlas and the Aurès Mountains is
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Figure 4.2.: Composite of variables measured by the IMPETUS (red) and ISD (blue)
stations around the arrival of the leading edge (time = 0). Shown are relative changes
for (a) dew point temperature, (b) temperature, (c) pressure (only from EMY and IRK),
and (d) absolute values of the wind speed.
more frequently affected by cold pool events than the region south of
the High and Anti Atlas (Fig. 4.1f, see Fig. 2.1 for geographic names).
Consequently, the IMPETUS station network cannot be considered to
be representative for the whole south of the Atlas region. (2) The an-
nual cycle for the IMPETUS stations (Fig. 4.1b) differs from the annual
cycle for the larger region covered by the ISD dataset (Fig. 4.1e) where
the convective activity starts earlier in course of the year. The number
of cold pools observed inMay in the ISD station dataset already reaches
more than two-thirds of the maximum number in August. May is less
active for the IMPETUS stations with about 40% of the August maxi-
mum. The retarded increase in the vicinity of the High Atlas is possibly
explained by the relocation of the Saharan Heat Low to the border re-
gion between Algeria and Mali. The associated mid-level anti-cyclonic
flow transportsmoisture along itswestern sidewhich has the strongest
effect over the High Atlas region (cf. Knippertz et al. 2003; Knippertz
2003). On the contrary, extra-tropical cyclonic activity might lead to an
elevated level of cold pool activity. However, a comprehensive analysis
of the regional differences should include moisture transport at differ-
ent levels for individual cases, as well as synoptic forcings and is not
within the scope of this study.
Average characteristics of the cold pool events detected by the auto-
mated algorithm in both datasets are shown in Fig. 4.2. Characteristics
at the IMPETUS stations are in good agreement with ﬁndings of Emmel
et al. (2010), except for the pressure which was not analyzed there. The
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clearest indicator is the jump in Td (Fig. 4.2a), which of course is influ-
enced by the threshold applied to this variable. Accordingly, cases with
an increase below 4 K in 30 min (or 2.5–3.5 K for ISD) are not included.
Nevertheless, the evolution of this variable shows an interesting aspect,
it remains on an elevated level after the passage of the leading edge
with an average increase of about 5.5 K. The increase itself is steeper
due to the shorter measurement interval of the IMPETUS stations com-
pared to the ISD stations. Also, the short peak immediately following
the leading edge is visible in IMPETUS data only, but themean value for
the following hours is nearly identical for both datasets, which supports
the assumption that quite similar events are detected. This persistent
and signiﬁcant increase is a particular feature of cold pools in (semi)-
arid environments. Provod et al. (2015), who analyzed 38 cold pool
events observed during the monsoon season 2006 in Niamey, found
increased levels of moisture only for cases preceding the monsoon on-
set, i.e., in relatively dry environment. The temperature decrease is less
pronounced compared to the increase in Td (Fig. 4.2b), but larger for the
IMPETUS stations. This is possibly related to the geographic positions
of the stations; more of the ISD stations are located deeper in the desert
and possibly hit by cold pools later in the night. The diurnal cycle has
a maximum around 18 UTC for both datasets, but for the ISD stations
a larger fraction of the total number of cases is recorded in the second
half of the night between 0 and 6 UTC (≈ 20% vs. ≈ 7% for IMPETUS,
Fig. 4.3). In such cases, a surface inversion would already be stronger
and the effect of downwardmixing at the leading edgemore important.
The decreases in the hours after the passage of the leading edge are
likely the usual night-time cooling and only to a lesser extent related
to the cold pool. Provod et al. (2015) found for the cases in Niamey
a somewhat larger temperature decrease of 5.3 K (without excluding
cases with precipitation reaching the surface).
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Figure 4.3.: Diurnal cycle of cold pool occurrence
at the IMPETUS (red) and ISD (blue) stations.
The increase in surface
pressure (psfc) is again
more pronounced for the
IMPETUS stations. Unlike
Td, psfc rises more slowly,
after about 4 h an increase
of 1.5 hPa is on average
detected for the IMPETUS
stations (Fig. 4.2c). This
value is in agreement with
the smaller decrease of
temperature, which is also
smaller than for the cases in Niamey, where a mean value of 1.9 hPa
was found. The increase in wind speed is, like Td, most pronounced
at the leading edge. The increase of about 5 ms-1 for the IMPETUS
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stations (Fig. 4.2d) is again smaller than the values found in Niamey
(6.5 ms-1). However, the absolute values exceed the 7 ms-1 threshold
often used for the estimation of the Dust Uplift Potential (DUP) (Equa-
tion 1.3). Accordingly, cold pools detected at the IMPETUS stations are
strong enough to cause dust uplift over at least 2 h at points they pass.
Moreover, the stations are located at or close to Lac Iriki, a salt lake fed
by the river Drâa that is one of themost active dust sources south of the
Atlas Mountains (Ashpole and Washington 2013). The absolute wind
speed at the ISD stations is lower, again potentially caused by their lo-
cations, but likely also by the longer measurement intervals. Anyway,
the mean cold pool detected at an ISD station also exceeds the 7 ms-1
threshold for dust emission.
4.2. Satellite Only Climatology
It was shown in the last section that the High and Anti Atlas are less of-
ten affected by convective cold pool events than regions farther east,
but some uncertainty remains in this statement as the spatial density
and the temporal resolution of the station data are relatively low. There-
fore, an additional climatology independent of station data was created
based on microwave satellite data alone. The climatology covers the
region shown in Fig. 4.4 andwas created on a regular 0.5°×0.5° gridwith
data from the years 2002 to 2014. For each grid cell and each day only
the satellite overpass closest to 18 UTC (maximum in diurnal cycle of
convection) was used, which avoids any influences of the varying num-
ber of satellites over time, since only one overpass per day was used.
For each grid cell the occurrence of deep convection was counted. If
at least one of the satellite pixels within a grid cell fulﬁlled the thresh-
old criterion (see sections 3.1.2 and 3.1.3), this grid cell was assigned
a one, otherwise a zero for this day. Finally, long-term monthly means
of these counts were calculated. Fig. 4.4 shows their annual evolution.
The maximum activity is, consistent with the station datasets, during
theWest African monsoonmonths of May to September (Figs. 4.4e–i).
The differences in the spatial distribution of convection between May
and June explain the differences between the average number of cases
for these months in the ISD and IMPETUS datasets. In May convection
over the High Atlas, where the majority of events for the IMPETUS sta-
tions originate, is signiﬁcantly less frequently detected than over the
Aurès Mountains where, given the distribution of stations, the majority
of the events for the ISD stations originate.
Starting from June, the whole Atlas Mountains from Morocco to
Tunisia are frequently affected by deep convection, for each grid cell
on about 2–3% of the days. These values are, as one would expect,
smaller than in the Sahel region. There, regions with orographic forc-
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Figure 4.4.: Annual cycle of convective events in Northwest Africa. Shown is the percentage of days when a
convective event was detected within one grid cell in the satellite overpass closest to 18 UTC from 2002 to 2014.
The gray color in (l) marks grid points with an elevation of more than 700 m and indicates the area used for the
calculation of the Atlas Mountains Convection Index (AMCI). The red dot indicates the location of the IMPETUS
station network. Source: Redl et al. (2015).
ing like the Adrar des Ifoghas at the border between Mail and Algeria
or the Aïr Massif in northern Niger are affected up to three times more
often, as is best visible in July and August (Figs. 4.4g–h). Interestingly,
these hotspots for deep convection in the Sahel are located north of the
zone with constantly high values of CAPE in the ERA-Interim re-analysis
(cf. Fig. 1.7). The relative frequency of convective events north and
south of the SHL is in good agreement with a climatology of dust uplift
events based on data from SEVIRI, created by Ashpole andWashington
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(2013). There, on average 5–20 dust uplift events from June to August
are detected south of the Saharan Atlas and the Aurès Mountains. In
the foothills of the Mountains in the central Sahara up to 50 events are
detected in the same period. Comparing these numbers to Figs. 4.1f
and 4.4f–h encourages the assumption that a large proportion of dust
uplift in Northwest Africa is related to cold pool events.
Despite the agreement in seasonal and geographical behavior be-
tween satellite-only and station climatology, there seems to be a sig-
niﬁcant difference in the absolute number of detected threshold ex-
ceedances. For the months May to September, the ISD station clima-
tology indicates deep convection that generates cold pools at about
20% of the days per month while the values per grid cell in this period
are much lower. The reason for this discrepancy is that the satellite-
only climatology is by design a climatology of the occurrence of deep
convective cells and not of convective cold pool events with large hor-
izontal extent. Figure 2.4 illustrates that only the cores of convective
systems are visible in themicrowave image. The example shown is one
of the strongest events in the whole period, but only a small number of
pixels (10.9%) exceed the threshold for the gradient in brightness tem-
perature. Nevertheless, a comparison with the IMPETUS station data
reveals that the occurrence of deep convection can serve as a proxy
for cold pool events. For the period 2002 to 2012, 84 events with deep
convectionwere found in a circle of 100 km radius around the IMPETUS
stations, 38 of which (45%) were strong enough to fulﬁll the station cri-
teria.
The spatial distribution of cold pool events in northwest Africa re-
sembles the pattern in biases of dew point temperature in the ECMWF
operational analysis shown in the introduction (cf. Figs. 1.1, 4.1, and
4.4). Also, the temporal evolution of the biases, which is in close agree-
ment with the annual cycle of cold pool events, suggests a causal con-
nection. Knowing the dates of the events, a further reﬁnement of the
bias calculation is possible. It turns out, that 78% of all detected cases
at stations from 2011 to 2012 are followed by a negative bias in dew
point temperature averaged over 12 h past the detection. For 31%of the
cases, the average bias exceeds -4 K. Interestingly, ERA-Interim shows
a slightly better performance irrespective of its lower resolution. There,
68% of cases are followed by a negative bias, 27% exceed -4 K.
4.3. Atlas Mountains Convection Index
Part of the motivation for this study is the question of the frequency
of strong convective cold pool events over the Atlas Mountains. This
question was addressed here through the introduction of an Atlas
Mountains Convection Index (hereafter referred to as AMCI). This index
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Figure 4.5.: AtlasMountains Convection Index (AMCI, section 4.3): Percentage of the area of theAtlasMountains
with an elevation of more than 700 m (gray area in Fig. 4.4l) with convection for the years 2002 to 2014 and the
months April to September. The red bars indicate days when the chosen threshold of 2.6% is exceeded. Source:
Redl et al. (2015).
was calculated from all grid cells of the climatology that are located
over the Atlas Mountains and whose elevation exceeds 700 m (see
Fig. 4.4l). Virtually all convection in this region occurs in terrain above
this level. The elevation threshold was selected somewhat larger than
for the manipulation of the microphysics in WRF (see section 3.2.2),
as it was there intended to remove also smaller events at the margins
of the mountains. On a daily basis, the AMCI contains the percentage
of grid cells with deep convection and is thus a measure for the size
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(a)
(b)
Figure 4.6.: (a) Number of convective events per year and (b) annual cycle calculated
from the Atlas Mountains Convection Index (AMCI, section 4.3) with a threshold of
2.6%. Source: Redl et al. (2015).
of the convective events over the Atlas Mountains. The time series of
this index (Fig. 4.5) shows the frequent occurrence of deep convection
over the Atlas Mountains with a wide range of values. There are many
events with small values, most likely weaker, unorganized systemswith
spatially restricted, smaller cold pools. Long lived events are created
when cold pools from several cells merge and are therefore associated
with higher values. In order to ﬁnd a meaningful threshold, the IMPE-
TUS station data were considered again. For two thirds of the cases
selected from this dataset by the cold pool detection algorithm, the
AMCI values exceed 2.6%. Thus, values above this threshold are as-
sumed to belong to signiﬁcant cold pool events. As with both station
climatologies (Figs. 4.1a and d), the year-to-year variability of this pa-
rameter (Fig. 4.6a) shows no clear trend over the analyzed time period.
The relative changes in the number of events detected in consecutive
years differ from those found in the station climatologies. This is likely
related to the irregular distribution of the stations. The annual cycle
of the AMCI (Fig. 4.6b) shows the same general shape as the annual
cycle from the ISD station dataset, but with a slightly larger number of
cases per month, which is of course highly dependent on the selected
threshold. Another difference is the yearly maximum, which is found in
September in AMCI and in August in both station datasets. The maxi-
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mumactivity of convection in September is located over the Tell and the
Saharan Atlas Mountains in northern Algeria (Fig. 4.4i), an area which
is not well covered by the station datasets.
In addition to the frequency of occurrence, another interesting aspect
of the AMCI time series is the temporal clustering of events. Partic-
ularly stronger events (that exceed the 2.6% threshold) seldom occur
in isolation. Instead, these events tend to be clustered into multi-day
episodes. Strong events usually occur on two consecutive days and
are embedded into ﬁve-day long convectively active periods. This ﬁnd-
ing is in agreement with an analysis of dust episodes in May and June
2006 south of the Atlas Mountains by Knippertz et al. (2009b), which
lasted four to eight days and were attributed to synoptic-scale features
such as lee cyclones and upper-level troughs. To verify the subjective
impression of clustering for the AMCI, amethod common inwind storm
analysis was applied, the so called dispersion statistic (Mailier et al.
2006):
ψ = Var(n)/E(n) − 1 (4.1)
where E(n) is the mean and Var(n) is the variance of n. Equation 4.1
yields 0 for a homogeneous Poisson process,ψ > 0 corresponds to pro-
cesses that are more clustered than random, and ψ < 0 corresponds to
processes that are more regular than random. In this case, n is a time
series of the number of convective events (AMCI > 2.6%) in ten-day pe-
riods. To avoid the influence of the annual cycle, only the months be-
tween June and September were used in the calculation. As expected
from visual inspection of Fig. 4.5, not all years show a statistically sig-
niﬁcant clustering, but when applied to thewhole time series the disper-
sion statistic is ψ = 0:57, which is statistically signiﬁcant at the 99.9%
level. An answer to the question why some years show a more pro-
nounced clustering than others would have to include an analysis of
synoptic situations. However, this is not within the scope of this study.
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5. Impact of Convective Cold Pools
on the Saharan Heat Low
The most important results presented in this chapter have been pub-
lished in the Journal of Geophysical Research: Redl et al. (2016).
5.1. Case Selection
Cases for the sensitivity experiments were selected based on the cold
pool climatology presented in chapter 4. A basic condition was that
the IMPETUS and Fennec stations are available for model evaluation,
which restricts the time span to the years 2011 and 2012. The climatol-
ogy for the IMPETUS stations (red dots in Fig. 2.1) contains 12 cases
for 2011 and 7 cases for 2012. The selection was further limited by
a screening of Meteosat SEVIRI ‘Desert Dust’ images. In order to en-
able a direct comparison between model output and satellite images,
only cases where the leading edge of the cold pool was not covered
by high-level clouds were selected. Control runs with WRF were cre-
ated for the remaining eight cases. In two of them, the cold pool in the
ﬁrst night developed in satisfactory agreement with the satellite obser-
vations. Details of these two cases are discussed in section 5.2 and
5.3.
5.2. Description of Case 1: 2011-06-20 to
2011-06-24
The selected days are part of a convectively active period in the sec-
ond half of June 2011. In this period convection over the Atlas Moun-
tains was detected on ten consecutive days by microwave satellites
(Fig. 4.5). The strongest convective cold pool event was observed in
the middle of this period on 20 June. This day was selected as start
date of the model run in order to reproduce this major event as close to
reality as possible.
The situation preceding this convective event is shown in Fig. 5.1. On
18 June a long wave ridge located at about 20°W at 500 hPa is moving
slowly eastward (Fig. 5.1c), reaching 0°W on 20 June (Figs. 5.1f and i).
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1
Figure 5.1.: Synoptic situation preceding the 20 June 2011 case, shown by means of the ECMWF operational
analysis. Left column: moisture flux averaged over model layers with a nominal height between 1000 and 700
hPa in kg m-2s-1; center column: moisture flux averaged over model layers with a nominal height between 700
and 400 hPa in kg m-2s-1; right column: sea level pressure in hPa (shading) and 500 hPa geopotential height in
gpm (black lines). Adapted from Redl et al. (2016).
At the same time the geopotential maximum above the SHL is moving
westward. Engelstaedter et al. (2015) analyze aircraft measurements
of the SHL on 22 June and note that this movement leads to a position
signiﬁcantly westward of the climatological mean. In this situation, the
anti-cyclonic flow above the SHL is directed towards the High Atlas.
The northwardmoisture flux averaged between 700 and400 hPa shows
values between 10 and 25 g m-2s-1 for 18–20 June (Fig. 5.1, center col-
umn). A small cut-off low, visible in the 500-hPa geopotential height
map on 18 and 19 June, appears to amplify this northward flux. Lo-
cated over the Canary Islands, it increases the east–west gradient in
geopotential and accordingly also the northward transport of mid-level
moisture. Note that this type of mid-level moisture flux out of the trop-
ics has been shown to be instrumental in outbreaks of summer-time
60
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1
(A) (B)
(C) (E)
(D)
(F)
Figure 5.2.: Evolution of case 1. Left column: Geopotential height in 300 hPa fromWRF (black lines) and ECMWF
operational analysis (red lines) together with layer depth between 925 and 700 hPa from WRF. Center column:
Meteosat SEVIRI ‘Desert Dust’ product. Right column: 2 m dew point temperature from WRF. Uppermost row:
initialization time +24 h, bottom row: initialization time +96 h. The bold dashed line in (c) indicates the location
of the cross section shown in Fig. 5.15. Source: Redl et al. (2016).
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1
Figure 5.3.: Passage of the leading edge of cold pools at ground stations during the ﬁrst simulation day of case 1.
Left column: 2mobservation of dew point with simulated values fromWRF, ERA-Interim, and ECMWFoperational
analysis. Right column: Time of the passage in Meteosat SEVIRI ‘Desert Dust’ product with respective station
locations marked. Station numbers and abbreviations are shown in Fig. 3.5b Source: Redl et al. (2016).
convection over the Atlas Mountains in Knippertz et al. (2003). The
low-level moisture flux between 1000 and 700 hPa (Fig. 5.1, left col-
umn) does not provide an additional hint on the moisture source of the
event on 20 June.
The model run for this episode is initialized on 20 June, 00 UTC and
integrated over 96 h until 24 June, 00 UTC. Each 00 UTC time step in
this period is shown in Fig. 5.2. On the ﬁrst simulation day convec-
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tion is evident over the Atlas Mountains in both the model and satellite
observations between 12 and 13 UTC. The development begins with
individual cells and the corresponding cold pools merge during the fol-
lowing hours. At 18:15 UTC the system has already formed one con-
nected cold pool with a southward moving leading edge reaching from
approx. 9°W to 2°E (Fig. 5.3b). Some individual cells are located close
to the IMPETUS station network. Satellite images (Figs. 5.3b and d) in-
dicate that the stations were not hit by the connected southward mov-
ing part of the cold pool, but by smaller individual cold pools covered
by high level clouds. The time shift between cold pool detection at the
stations IRK (Fig. 5.3a) and JHB (Fig. 5.3b) and the increase in Td in
WRF at the same locations indicate that WRF is not able to reproduce
the individual cells in strength and position. However, at 00 UTC the
connected large cold pool, well visible in 2 m Td from WRF (Figs. 5.2c,
label B), matches the satellite observation in position and propagation
speed reasonably well (Figs. 5.2b, label A). At this time, Fennec AWS
138 was hit by the leading edge (Figs. 5.3e and f). Td at this station
increased by about 9 K. In WRF the cold pool arrives delayed by about
1 h, leading to an increase in Td of about 8 K. This indicates that WRF
reproduces the overall characteristics of the event, but with a slightly
weaker cold pool.
The ECMWF operational analysis, which is used to drive WRF, only
partially reproduces the cold pool (Fig. 5.3e). Compared to measure-
ments at IRK and JHB, the analysis is too dry by up to 4 K in Td between
12 and 15 UTC (Figs. 5.3a and c). As onemight expect from the weaker
cold pool in WRF, the model is also too dry during this time.
On the second simulation day a somewhat smaller convective sys-
tem forms over the Saharan and Tell Atlas at the border between Mo-
rocco andAlgeria (Figs. 5.2e, label C). This event is also visible in 2mTd
fromWRF (Figs. 5.2f, label E), but with a less clear-cut leading edge. For
the same day, satellite imagery shows a large cold pool formed in the
central Sahara at about 23°N (Figs. 5.2e, label D). WRF reproduces this
event, but too far south (Figs. 5.2e, label F). With increasing integration
time, deviations to the analysis grow with some signiﬁcant displace-
ments of convective systems and contours of geopotential height in
the last two integration days (Fig. 5.2g–l).
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1
Figure 5.4.: Synoptic situation preceding the 27 June 2012 case. Panels as in Fig. 5.1. Source: Redl et al. (2016).
5.3. Description of Case 2: 2012-06-27 to
2012-07-01
Like the ﬁrst case, the selected days are also part of a longer convec-
tively active period (Fig. 4.5). For the start date of 27 June, microwave
images do not indicate the strongest convective activity during this pe-
riod, but a very clear cold pool is evident in IR images.
The situation leading up to this case is shown in Fig. 5.4. Similar to
the ﬁrst case, a long-wave ridge slowly moves eastward but the flow at
500 hPa has a stronger meridional component (Fig. 5.4, right column).
On 25 and 26 June, the ridge is almost stationary at about 5°W and then
moves to about 0°W on 27 June. The maximum geopotential height at
500 hPa is found over theHigh andSaharanAtlasMountains co-located
with a surface high on 25 and 26 June (Figs. 5.4c and f). The core
of the SHL, as visible in surface pressure, moves westward during the
two days preceding the event and elongates zonally to span from 10 to
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1
Figure 5.5.: Evolution of case 2, as in Fig. 5.2. Source: Redl et al. (2016).
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Figure 5.6.: Passage of the leading edge of cold pools at ground stations for the ﬁrst simulation day of case 2,
as in Fig. 5.3. Source: Redl et al. (2016).
0°W at about 23°N. In this situation, two different moisture sources are
potentially feeding the convection over the Atlas Mountains: Firstly, as
in the ﬁrst case, northward transported moisture on the western flank
of the mid-level anti-cyclonic flow (Fig. 5.4, center column); secondly,
moisture from the Mediterranean Sea transported at mid-levels across
Algeria at the eastern flank of the northward shifted anti-cyclone. The
latter is visible in the averaged moisture flux between 700 and 400 hPa
(Fig. 5.4b) and to a lesser extent between 1000 and 700 hPa on 25 June
(Fig. 5.4a).
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Themodel run for this episodewas initiated on27June at 00UTCand
integrated over 96 h until 1 July, 00 UTC. The evolution of the simulation
during the whole period is shown in Fig. 5.5. As in the ﬁrst case, the de-
velopment of new convective cells over the Atlas Mountains starts on
the ﬁrst day between 12 and 13 UTC. This time, however, the cells are
more scattered throughout the region. Nevertheless, cold pools of indi-
vidual cells merge again to build one large system. Unfortunately that
is less visible on IR satellite images (Fig. 5.6, left column). At 20 UTC
the synoptic station of Béchar (Algeria, 60571) reports a steep increase
in Td of about 6 K, indicating the arrival of the cold pool (Fig. 5.6a). WRF
also shows an increase in Td at this location, but delayed by about 1 h
and weaker. Also, it is worthy of note that WRF has a signiﬁcant dry
bias compared to the observation of about 7 K before the event and
10 K afterwards, most likely related to the dry bias in the driving ECMWF
analysis. At 22 UTC a cold pool reaches the synoptic station of Tindouf
(Algeria, 60565) (Figs. 5.6c and d). Again, WRF shows a signiﬁcant dry
bias there of about 6K before the event, but the timing is almost perfect.
Later at about 01 UTC the Fennec AWS 141 is reached by the merged
cold pool (Figs. 5.6e and f). The observed increase in Td of about 10 K
is reproduced by WRF, although not with a perfect timing. In the corre-
sponding IR satellite image (Fig. 5.6f) the leading edge of the cold pool
is hardly visible close to the station, possibly due to high levels of CWV
as discussed in Brindley et al. (2012), but the arc-shaped clouds to the
east of the station indicate its position.
As in the ﬁrst case, the ECMWF analysis partially reproduces the cold
pool (Fig. 5.6e), but much less pronounced compared to observations.
Interestingly ERA-Interim, which is included for comparison in Figs. 5.3
and 5.6, reproduces the increase in Td better than the operational analy-
sis. The differences between analysis and re-analysis demonstrate the
difﬁculty to simulate these events, especially in data-sparse regions like
Northwest-Africa.
In the following days, the ridge moved farther eastward, which
brought the subsequent trough closer to the Moroccan coast, as is
well reproduced by WRF. Even after 96 integration hours, the deviation
of WRF’s 500 hPa geopotential ﬁeld from the analysis remains small
(Fig. 5.5, left column). Convection over the Atlas Mountains reaching
from West Sahara / south Morocco to north Algeria is observed dur-
ing all simulated days and well reproduced by WRF (Fig. 5.5, center and
right column).
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1
Figure 5.7.: Difference in Mean sea level pressure (MSLP) between the control and the no cold-pool runs in hPa.
Upper row: case 2011-06-20, lower row: case 2012-06-27. Source: Redl et al. (2016).
5.4. Impact on Surface Pressure
The two cases described above are used to illustrate impacts of the
cold pools on the SHL. In both cases the propagation of the cold pools
is directed from the Atlas Mountains towards the SHL. Their leading
edge becomes visible in a reduction of the layer depth between 925
and 700 hPa (Figs. 5.2 and 5.5, left column), which is often used as an
indicator for the SHL position, strength, and extent (see section 1.1).
The influence on the surface pressure (Psfc) is analyzed using differ-
ences between the control and no cold-pool runs (section 3.2.2, third
experiment).
Themost pronounced effect in Psfc is visible in the morning hours af-
ter the cold pool event, before the air gets heated by solar radiation and
mixes vertically. All 06UTCdates fromboth cases are shown in Fig. 5.7.
For case 1, the ﬁrstmorning shows the largest effect (Fig. 5.7a). Exclud-
ing grid cells south of 20°N, an increase of at least 1 hPa (1.5 hPa) is
found over an area of approx. 580,000 km2 (186,000 km2) (for compari-
son: Morocco without Western Sahara has a size of 446,550 km2). The
second case starts with a weaker increase in Psfc, but the consecutive
convective events produce an increase of at least 1 hPa over an area of
approx. 392,000 km2 on the third day (Fig. 5.7f). Relative to the pres-
sure difference between the southern foothills of the Atlas Mountains
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and the SHL core of about 5–6 hPa (Figs. 5.1 and 5.4), the magnitude
of the cold-pool induced changes are substantial. That means, that the
pressure gradient is increased by up to one third over a period lasting
several days, which must alter the ventilation of the SHL. However, a
direct effect on the SHL core around 20°N during the considered time
period is not found in either of the two cases. Albeit, given the regular-
ity of these events, it is plausible that an insufﬁcient representation of
Atlas cold pools can create a biased mean state of the SHL.
5.5. Cold Pools as Moisture Source for the Desert
Cold pools generated from MCSs in the Sahel account for nearly one
third of the meridional moisture flux towards the SHL (Garcia-Carreras
et al. 2013). Here, the accumulated contribution of the cold pools origi-
nating from the Atlas Mountains during both case studies is calculated
using the tracer variable Qev introduced in section 3.2.3.
During the whole 96 h time period evaporation of rain over the At-
las Mountains is added and consumption by condensation is removed
from Qev. The results for the end of both cases are shown vertically
integrated in Fig. 5.8. For the ﬁrst case study Qev shows larger values,
consistent with the larger signal in surface pressure. Maximum values
over north Algeria originate from fresh cold pools on the last simulation
day (23 June). Values of 5–9 kg m-2 are found over an area of approx.
142,000 km2. Aged cold pools from preceding days are spread over
a larger area of nearly 106 km2 with at least 1 kg m-2. For the second
case the total amount of moisture released over four days is smaller
with an area of approx. 621,000 km2 above 1 kgm-2. For both cases the
affected area is impressive, but the seemingly small integrated water
vapor signals need to be seen relative to typical Saharan values, whose
annualmeans range only from 10–20 kgm-2 (Fink et al. 2016). For both
cases, Qev values between 5–9 kg m-2 occur where total CWV ranges
from16 to 41 kgm-2. Averaged over this area, evaporated rain accounts
for approx. one ﬁfth of the total CWV.
5.6. Modiﬁcation of Surface Radiation Balance
As discussed in section 5.5, Atlas cold pools transport a signiﬁcant
amount of moisture into the SHL. Increasing low-level water vapor in
turn has been proposed to have a warming effect (Evan et al. 2015), es-
pecially at night-time. Here, we therefore analyze differences in long-
wave radiation between the control and no cold-pool runs concentrat-
ing on 00 UTC in the ﬁrst simulation night for both cases. Although cold
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Figure 5.8.: Vertically integratedwater vapor created by evaporation of rain at the end
of the control runs in kg m-2. (a) case 1, (b) case 2. Source: Redl et al. (2016).
pools are usually related to signiﬁcant dust uplift, this aspect is here not
taken into account for the radiation balance.
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Figure 5.9.: Absolute values of air temperature in 2 m, layers 1 (approx. 0–43 m above ground), 2 (approx. 43–
89 m above ground), and 3 (approx. 89–141 m above ground). Left column: case 2011-06-20, right column:
case 2012-06-27. For both cases: initialization time +24 h (00 UTC of ﬁrst night). Source: Redl et al. (2016).
The 2 m temperature in the region of the cold pool tends to be higher
than in the surrounding desert (Figs. 5.9a and b). This at ﬁrst sight
counter-intuitive result has twomain explanations. Firstly, the cold pool
is covered by clouds (Figs. 5.10a and b) and therefore experiences less
radiative cooling than the surrounding desert. Secondly, the enhanced
turbulence within the cold pool and especially at its leading edge (e.g.,
Sun et al. 2002) mixes relatively warmer air from above the nocturnal
inversion downward (Knippertz et al. 2007). There are no upper-air ob-
servations available to verify this, but model output shows a very sharp
surface inversion for both cases (Fig. 5.9 and Fig. 5.11), limited to the
lowest two model layers (approx. 0–89 m above ground). For the ﬁrst
71
5. Impact of Convective Cold Pools on the Saharan Heat Low
1
Figure 5.10.: Impact of cold pool on cloud cover. (a–b) absolute values of total cloud cover in control run, and
(c–d) difference in cloud cover (control run – no-cold pool). Left column: case 2011-06-20, right column: case
2012-06-27. For both cases: initialization time +24 h (00 UTC of ﬁrst night). Source: Redl et al. (2016).
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Figure 5.11.: Time series of (a) potential temperature and (b) speciﬁc humidity extracted from the control run of
the ﬁrst case at the location of the Fennec AWS 138. Source: Redl et al. (2016).
case, the residual layer above is well mixed with potential temperatures
around 317 K (Fig. 5.11a). This near-surface inversion gets broken
up by the cold pool, leading to increased temperatures at the surface.
From the second layer upwards, however, the cold pool is colder than
its surrounding as expected (Figs. 5.9e and f), which is mainly due to
its formation through evaporative cooling. Temperature differences be-
tween the control and no cold-pool runs (Figs. 5.12a and b) show that
closer to the mountains, the effect of evaporative cooling dominates
leading to colder temperatures with the cold pool included, while far-
ther into the desert the breaking up of the surface inversion dominates
leading to warmer temperatures. For both cases the surface tempera-
ture signals show a very close structural match to those in up-welling
long wave radiation (LWup), which reaches positive values as high as
40 Wm-2 near the leading edge (Figs. 5.12c and d).
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Figure 5.12.: Impact of cold pool on radiation balance and surface temperature, shown are differences (control
run - no-cold pool). Left column: case 2011-06-20, right column: case 2012-06-27. For both cases: initialization
time +24 h (00 UTC of ﬁrst night). Source: Redl et al. (2016).
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Figure 5.13.: Impact of moisture from evaporation of rain. Left: case 2011-06-20, right column: case 2012-06-
27. For both cases: initialization time +36 h (12 UTC of following). Source: Redl et al. (2016).
An additional effect is the formation of arc clouds above the leading
edge (Figs. 5.10c and d), which reduces radiative cooling in the control
run for both cases, as reflected by positive differences in down-welling
long-wave radiation (LWdown) relative to the no-cold pool experiments
(Figs. 5.12e and f). For the second case, this cloud formation is well
visible in infrared satellite images (Fig. 5.6f), but seems to be somewhat
overestimated by WRF for the ﬁrst case (cf. Fig. 5.3f).
What remains after the development of the day-time convective
boundary layer is the additional moisture from rain evaporation, which
usually gets mixed vertically much deeper than the original cold pool.
The Saharan PBL can reach up to 550 hPa (Garcia-Carreras et al. 2015).
Accordingly, the mixing ratio gets reduced, but the vertically integrated
amount, which is relevant for LWdown, remains unchanged. The tracer
variableQev (see section 3.2.3) can be used to show the radiative effect
of the cold pools independent of their dynamics. To do this, WRF runs
were started at 00 UTC after subtracting the tracer from the full ﬁeld:
Qmodified = Qv − Qev. The model was then integrated over one time step
only for both original and modiﬁed water vapor ﬁelds.
Figure 5.12i and j show that the contribution of the additional mois-
ture to the night-time radiation balance is 5–10 Wm-2. Despite inte-
gration over one time step only, changes in cloud fraction occur at
some grid points, leading to larger differences locally. During the fol-
lowing day, the magnitude of the forcing is slightly reduced, as Qev is
spread horizontally over a larger area. For the ﬁrst case, the area with
more than 1 Wm-2 is increased from 0:8 × 106 to 1:2 × 106 km2 from
00 to 12 UTC. In the same time the area with more than 5 Wm-2 de-
creases slightly from 229,000 to 197,000 km2. The development for
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the second case is comparable, but the affected area is smaller (only
36,200 km2 above 5 Wm-2 at 12 UTC). At day-time, the short-wave part
of the radiation balance needs to be accounted for, too. The addi-
tional moisture has a negative impact on the same order of magni-
tude, but does not fully cancel out the long-wave signal (Fig. 5.13). A
linear regression analysis between Qev and down-welling components
of the radiation balance from both cases yields a 00 UTC value of+1:27Wkg-1 in LWdown and 12UTC values of+2:11Wkg-1 in LWdown ver-
sus −1:88 W kg-1 in down-welling short-wave radiation (SWdown). The
latter values are in very good agreement with observations (+2:0W kg-1
in LWdown vs. −1:8 W kg-1 in SWdown) from the Fennec super-site BBM
(Marsham et al. 2015).
For both cases, the contribution of Qev to the radiation balance re-
mains stable throughout the whole integration period, as deep convec-
tion on consecutive days compensates consumption of Qev through
cloud and rain formation. The dynamical effects clearly dominate dur-
ing the ﬁrst night of a fresh cold pool, especially close to its origin. Nev-
ertheless, this is very likely overcompensated during following days as
the moisture remains in the atmosphere. A typical value of 5 Wm-2 at
night is likely too small to be relevant for shortmodel runs, but becomes
important for reliable climate projections, as it is in the same order of
magnitude as the anthropogenic forcing.
5.7. Representation of Cold Pools with Low
Resolution
Due to large computational costs, the horizontal resolution of 3 km
used for the control runs and the no-cold pool runs discussed above is
too ﬁne for most regional climate projections, where typical grid spac-
ings range from 0.22° to 0.44°. This requires the use of parameterized
convection, which is known to have negative impacts on the representa-
tion of cold pools (Marsham et al. 2013a). Here this effect is quantiﬁed
for the ﬁrst case basedondifferences between the 3-kmcontrol run and
model runswith 0.22° resolution and different convection schemes (Ta-
ble 3.3). After 30 integration hours (06 UTC), the runs show signiﬁcant
differences in 2 m Td to the control run and to a lesser extent to each
other (Fig. 5.14). Higher Td in the control run between 25°N and 30°N
show an underestimation of themoisture transport associated with the
leading edge of the cold pool for all schemes, while differences farther
north are small or even negative. The differences south of 20°N are
caused by convection in the Sahel region.
The Betts-Miller-Janjic (BMJ) and Grell-Freitas (GF) convection
schemes (Figs. 5.14b and c) show particularly large deviations, while
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Figure 5.14.: Differences in 2 m dew point temperature between the 3 km control run and low resolution model
runs (0.22°) with different convection parameterizations at 21 June, 06 UTC (+30 h) case 1. Positive values
indicate wetter conditions in the control run. Source: Redl et al. (2016).
for example Tiedtke or Zhang-McFarlane (ZMF) (Figs. 5.14f and g) look
surprisingly close to the control run. The leading edge of the cold pool
at 06 UTC is located within the box 10°W–0°W, 24°N–30°N. For the GF
(Tiedtke) scheme, the Root-Mean-Square Error (RMSE) over this box is
3.11 K (0.96 K) with a maximum bias of 7.84 K (3.88 K). This is con-
trary to a case study by Reinfried et al. (2009), in which Tiedtke under-
estimates an Atlas cold pool with a signiﬁcantly worse performance
than Kain-Fritsch (KF). Here, domain-wide RMSEs have a much smaller
range from 1.89 to 2.17 K. Interestingly, using no parameterization for
convection at all (Fig. 5.14i), which is not recommended for a rather
coarse grid-spacing of 0.22°, leads to the smallest domain-wide RMSE
of 1.75 K. While no general conclusions should be drawn from this re-
sult alone, it is in line with ﬁndings from Marsham et al. (2013a), Birch
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Figure 5.15.: Vertical cross-section through the cold pool of case 1 with different horizontal resolutions at 21
June 00 UTC. The location of the cross section is shown in Fig. 5.2c and Fig. 5.16a. (a) Control run, (b–d) using
the Tiedtke scheme. Source: Redl et al. (2016).
et al. (2014), and Stein et al. (2015) for 12-km runs and emphasizes the
need for improved schemes.
Even though all parameterization schemes produce signiﬁcant bi-
ases, they do not completely fail to reproduce the cold pool in agree-
ment with work by Reinfried et al. (2009) and Bou Karam et al. (2014).
Here, this aspect is further analyzed in vertical cross sections almost
parallel to the low-level wind vector at the leading edge of the cold pool
in an earlier state of the simulation at 00 UTC. For these cross sec-
tions the experiment was repeated with 0.44° and 0.75° resolution, al-
ways using the Tiedtke convection scheme, which performed best in
the 0.22°-experiment. In addition to the leading edge, the wind dis-
tribution highlights a second interesting feature, namely a Night-time
Low-Level Jet (NLLJ), somewhat south of the leading edge of the cold
pool (Fig. 5.15a). The maximum wind speed within the cold pool of
24.1 ms-1 is reached in an altitude of about 640 m above the surface at
28.4°N.With the ﬁrst decrease in horizontal resolution to 0.22°, the lead-
ing edge of the cold pool is still well visible (Fig. 5.15b). The maximum
is found in the correct latitude, but somewhat smoothed to 20.4 ms-1
and about 140 m closer to the surface. Decreasing the resolution fur-
ther to 0.44° leads to more smoothing and a maximum of 17.2 ms-1.
This time, the location of the maximum is about 1° farther in the north,
indicating wrong timing of the event or wrong propagation speed. Also,
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Figure 5.16.: Horizontal wind speed in 10 m (left column) and Dust Uplift Potential (DUP) (right column) for the
cold pool of case 1 with different horizontal resolutions at 21 June 00 UTC. The bold black line in (a) indicates
the location of the cross section shown in Fig. 5.15.
the maximum is found about 300 m closer to the surface compared to
the control run. At 0.75° resolution (for example used for ERA-Interim),
the wind speed maximum of the cold pool is still visible but reduced
to 15.5 ms-1 and now signiﬁcantly replaced northward to 30.2°N. The
NLLJ, which is not related to the convective event, is present at all hor-
izontal resolutions at the same location. The wind speed there is also
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higher in the 3-km control run, but nearly unchanged for all lower reso-
lutions.
The reduced wind speed has consequences for the mobilization of
dust, which depends on the exceedance of a certain threshold. In this
experiment, WRF was not used with an online dust emission scheme,
but the Dust Uplift Potential (DUP, Equation 1.3) was applied to model
output to estimate the ability of the simulated cold pools to uplift dust.
A threshold of 7 ms-1, the 10 m wind speed, and the vegetation fraction
ofWRF are used in this calculation. Unexpectedly, thewind ﬁeld in 10m
from the 0.22°-experiment is not only smoothed compared to the con-
trol run but shows also larger maxima (cf. Figs. 5.16a and c). This is
potentially caused by the lower elevation of the maximal wind speed in
the cold pool above. The resultant DUPaveraged over the area shown in
Fig. 5.16 is about 131% of the DUP from the control run (cf. Figs. 5.16b
and d). In the calculation of the DUP, the 3rd power of the wind speed
is used. Thus, a few grid points with large values in the control run
can compensate larger areaswith small values in the 0.22°-experiment,
which explains a visual impression of an even larger deviation between
both experiments. More dust uplift with coarser resolution is not in
agreement with previous studies. Reinfried et al. (2009) found a signif-
icantly reduced dust uplift in a case study with a resolution of 14 km,
albeit caused by a not reproduced cold pool. Marsham et al. (2011) an-
alyzed a ten-day simulation with 4, 12, and 40 km resolution. In the diur-
nal cycle starting from about 13 UTC, the 12 km run with parametrized
convection had a signiﬁcantly reducedDUPwhen compared to the 4 km
run. The disagreement here is possibly only an isolated case, but could
also be related to the Atlas Mountains, which provide a robust trigger
for convection. For the 0.44° (Figs. 5.16e–f) and the 0.75°-experiment
(Figs. 5.16g–h) the expected reduction inwind speed andDUP is found.
TheDUPof the 0.44°-experiment (0.75°-experiment) is about 53% (16%)
of the control run. For 18–06 UTCmeans, a very similar ranking of DUP
is found, which indicates that the results are not biased by a slightly
different timing of the cold pool in the different resolutions.
From these results, it can be concluded that convectively generated
cold pools cause model biases in dynamical variables that grow with
decreasing horizontal resolution. Especially for the two coarsest reso-
lutions analyzed here, i.e. 0.44°–0.75°, these biases are reflected very
pronounced in potential to uplift dust, which hampers realistic esti-
mates unless appropriate parametrizations are in use (e.g., Pantillon
et al. 2015).
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6. Summary, Discussion, and
Outlook
Large scale cold pools are a regular feature of convective events in
(semi)-arid regions around the globe. They are especially known for the
type of dust storm they create, namely the haboobs. The importance of
these events for dust uplift received much attention, but their feedback
on synoptic to continental scale dynamics is less well known and was
not described for Northwest Africa before. This study has investigated
whether, and to which extent, convectively driven cold pools originat-
ing from the Atlas Mountains can be seen as an additional pathway of
ventilation for the SHL, whose characteristics are a key area of current
research regarding the WAM (Janicot et al. 2015). The question was
split into two parts, the analysis of the regularity and spatial distribu-
tion by means of an automated detection algorithm, and the detailed
diagnosis of two example cases by means of sensitivity experiments
with the WRF model. Combining the results of both steps helps to un-
derstand biases in state-of-the-art analysis and re-analysis products.
6.1. Spatio-Temporal Variability of Cold Pool
Activity
The ﬁrst part of the study has investigated the possibility to create long-
term climatologies of convective cold pool events based on routine sur-
face observations and microwave satellite data, both freely available
worldwide. The main ﬁndings from this part are:
• The presented method is well suitable for the objective, auto-
mated, and reproducible creation of long-term climatologies of
the rather complex quantity of convective cold pool occurrence.
• The method is applicable to surface observations of different
temporal resolution. It was shown that comparable results are
achievable with automated weather stations, which offer a high
temporal resolution, and with WMO standard reports from synop-
tic stations and airports, which at best offer a temporal resolution
of 30 minutes.
• It was further shown that results obtained only from satellite in-
formation are a reasonable proxy for the occurrence of surface
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cold pool events in semi-arid regions. This is particularly rele-
vant for applications in remote areas like deserts, which lack a
dense surface station network. But it should be noted that at
least some surface stations are necessary to estimate a relation
between convection detected by satellites and the occurrence of
cold pools. This relationship may vary from region to region.
• The algorithm was applied to Northwest Africa and the time pe-
riod from 2002 to 2014. In the region south of the Atlas Moun-
tains from Morocco to Tunisia the regularity of cold pool events
could be demonstrated. For the months May to September, 2.3
(IMPETUS stations) to 5.9 (ISD stations) events were detected.
Using satellite information only, it was further shown that con-
vective events in the region of study are not regularly or randomly
distributed in time, but tend to cluster into convective periods of
ﬁve days, which often include strong events at two consecutive
days.
Some sources of uncertainty remain with the presentedmethod. The
number of cases depends, at least to some extent, on the chosen
thresholds for station and satellite data and also on data availability.
Instrument failures on the ground, as well as on the satellites, could re-
sult in missed cases. Also, false positives are possible in complex syn-
optic situations where deep convection is embedded in a frontal sys-
tem. In such cases, the method cannot distinguish between the lead-
ing edge of a cold front and a cold pool, as both have characteristics
of density currents. However, the created climatologies are a valuable
source of information formodel evaluation. A direct comparison is pos-
sible when a satellite simulator like RTTOV-SCATT (Bauer et al. 2006)
or ARTS (Buehler et al. 2005a) is applied to the model output.
Applying the developed cold pool climatology algorithm to other re-
gions with documented occurrence of haboobs can help to address
the open question of the relative importance of these events (Williams
2008; Engelstaedter and Washington 2008) for total dust emission, es-
pecially when the created climatologies are combined with observa-
tions of dustiness ormodel experiments investigating individual cases.
Steps forward for this research question with regard to the Sahara were
recently made for cold surges (Fiedler et al. 2015) and Night-time Low-
Level Jets (NLLJs) (Fiedler et al. 2013) on the climatological time scale.
The algorithm presented here potentially adds a climatological per-
spective to studies investigating relative importance of cold pools on
shorter time-scales like Heinold et al. (2013) orMarsham et al. (2013b).
Even if themethod is designed to be as universal as possible, it is still
not effortless to use it in other regions. In addition to the large amount
of necessary satellite data to be processed, the criteria for the screen-
ing of station data need to be reviewed and potentially adapted. The
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leading edge of cold pools is always characterized by high wind speed,
but its passage is not necessarily accompanied by an increase in dew
point temperature in wetter environments (Parker et al. 2005; Provod
et al. 2015). The US deserts in the Southwest and the Great Plains are
expected to be particularly suitable due to the relatively dense METAR
station network with hourly or higher-resolved observations. The avail-
able Doppler radar network could be used as an additional source of
information.
6.2. Impact of Cold Pools on the Saharan Heat Low
For Northwest Africa, the importance of convective cold pools is al-
ready emphasized by the regularity of their occurrence but gains addi-
tional weight through the clustering in several-days long periods. Cold
pools typically form in the afternoon and spread over hundreds of kilo-
meters until the early morning hours. In the second part of this study,
two cold-pool periods were selected to explore to what extent the as-
sociated changes in temperature, moisture, surface pressure, clouds,
and radiation affect the strength and position of the SHL, a notoriously
ill-reproduced part of the WAM system due to limited observations and
often large model biases. The analysis is based on sensitivity experi-
ments and a moisture tracking approach based on numerical simula-
tions using the WRF model in convection-permitting and coarser reso-
lutions. The main ﬁndings from this part are:
• Surface pressure is signiﬁcantly increased by 1–1.5 hPa along
the northern fringes of the SHL over the length of the convective
period.
• A signiﬁcant amount of moisture is transported into the desert by
cold pools, such that about one ﬁfth of CWV comes from evapo-
rated rain after large convective cold pool events.
• Effects of a very recent cold pool event on the night-time radia-
tion balance are dominated by dynamic effects. The cold pool re-
moves energy from the lower troposphere through cold air advec-
tion, but more importantly by the turbulent downward transport
of sensible heat to the surface and resulting increased up-welling
long-wave radiation. However, arc clouds often form above the
leading edge of the cold pool and reflect a part of the increased
up-welling radiation back.
• Beyond these initial effects, the additional moisture injected into
the SHL becomes important due to its greenhouse gas effect.
Down-welling long-wave radiation is increased by about 5 Wm-2
at day and night, which at day-time is partly compensated by re-
duced short-wave radiation.
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• The representation of convective cold pool events deteriorates
with decreasing horizontal resolution and the use of a parame-
terization for deep convection. Even with a relatively coarse grid
spacing of 0.22° a run without convection parameterization out-
performed eight runs with different parameterization schemes.
Despite the marked impacts of cold pools, the increase in surface
pressure did not directly affect the core of the SHL in both cases, proba-
bly because the integration time was not long enough for the increased
pressure gradient to unfold its full impact. In longer model runs, grow-
ing errors due to missing or ill-represented cold pools can be expected.
For tropical West Africa, Marsham et al. (2013a) and Birch et al. (2014)
showed that the effect ofmisrepresented convection due to parameter-
izations can already be substantial after only one integration day with
signiﬁcant changes in the location and timing of deep convection. The
latter is less signiﬁcant over the Atlas region, where the mountains pro-
vide a stable trigger for convection, such that the effect of coarse res-
olution and parameterizations are comparatively less important.
Evan et al. (2015) related the deepening of the SHL during the past
decades and the simultaneous recovery from the Sahel drought in the
1970s to an increasing amount of water vapor in lower levels in the SHL
region. The results presented here suggest that cold pool events from
the Atlas Mountains form an important contribution to the availability
of water vapor in this region. The misrepresentation of convective cold
poolswith low resolution and parameterized convection is possibly one
of the reasons why Evan et al. (2015) found a too weak positive trend in
Sahel precipitation for the past decades in CoupledModel Intercompar-
ison Project Phase 5 (CMIP5) models. However, the additional mois-
ture from cold pools usually comes in combination with dust emitted at
their leading edge. Both quantities are highly correlated to each other
and counteract each other with respect to the radiation balance (Mar-
sham et al. 2015). The lower simulated wind speeds found with cold
pools from parameterized convection in experiments with low resolu-
tion lead to a signiﬁcantly underestimated dust emission. It is therefore
possible that this underestimation and the related higher short-wave
down-welling radiation compensates part of the effect of lower long-
wave down-welling due to a reduced water vapor mixing ratio.
The underestimated dust emission is not evident for the resolution of
0.22°, but very clear for 0.44° and 0.75°. This is not in agreement with
previous studies in which parametrized convection lead to signiﬁcantly
reduced dust emission already at resolutions of 12–14 km (Reinfried
et al. 2009; Marsham et al. 2011). This discrepancy highlights the un-
certainties arising from parametrization schemes without proper con-
sideration of convective cold pools and ﬁts well to the examples of the
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ECMWF (re)-analysis shown in the introduction (Fig. 1.1), where some
cold pools are reproduced satisfactory and some not at all.
6.3. Future Perspectives
Studies with focus on the variability of the SHL on the synoptic to sub-
monthly time scale found the leading mode of variability in the 10–30
days band to be related to upper-level troughs at the northern flank of
the SHL. Even though not examined in closer detail, the return period of
convective episodes identiﬁed by the climatology algorithmalso seems
to belong to the same frequency band. This, and also the synoptic sit-
uations discussed in both of the case studies, suggests that the con-
vective episodes are related tomid-latitude upper-level troughs as well.
Possibly, a part of the SHL variability in this frequency band even origi-
nates from the influence of cold pools. A composite analysis, based on
the AMCI, could help to identify synoptic situations with an increased
probability of convective cold pool occurrence. Knowledge of such sit-
uations can support operational forecasters who can not rely solely on
uncertain model forecasts.
The frequent occurrence of cold pools at the southern flank of the
SHL along the ITD is a source of large biases due to misrepresentation
of these events in (re)-analysis products, especially in the distribution
of moisture (Roberts et al. 2014). Results presented here suggest that
biases at the northern flank are related to the same process, especially
as the spatio-temporal evolution of these biases closely resembles the
evolution of the cold pool activity. Accordingly, the quantiﬁcation of
cold pool occurrence in other comparable regions would not only be
beneﬁcial for future studies focusing on dust emission, but also for
the understanding of biases in moisture distribution and cloudiness.
Once regions with above-average activity of cold pools are identiﬁed,
target-oriented implementation of operational upper air observations
or ground based remote sensing could help to improve forecast and
analysis products. For the model representation of the SHL, a positive
impact could be expected from additional observations at the southern
flank of the Atlas Mountains, e.g., in Tindouf (60656), Béchar (60571),
Laghouat (60545), and Tozeur (60760). However, as shown during
AMMA, additional observations can reduce uncertainties in the initial
state of a model, but advantages are not preserved for forecasts with-
out improved representation of physical processes (Fink et al. 2011).
The methods of cold pool removal have been labeled ‘unphysical’ in
section 3.2. Surprisingly perhaps, this unphysical setup is quite close to
many regional model experiments conducted to investigate the WAM.
Examples are Marsham et al. (2013a) or Birch et al. (2014), both fo-
cused on Sahel convection with the same model setup. Their northern
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domain boundary did cut through the Atlas Mountains, which means
that boundary conditions are provided by a larger scale model not able
to represent convective cold pools realistically. Accordingly, the out-
flow of convective events outside their domain is missing. Resultant
biases in the pressure gradient and moisture distribution may cause a
biased state of the SHL. Another example is Klein et al. (2015), where
authors analyzed the impact of different parametrizations schemes on
the representation of the WAM using WRF while their domain reached
northward to about 26°N only. This common practice of small domains
in regional modeling is owed to high computational costs, but possible
effects are usually not discussed. A follow-up study could investigate
dynamical consequences of not including strong orographic triggers
for deep convection like the Atlas Mountains in longer model runs. Re-
sults are potentially relevant for the regional down-scaling of climate
projections.
Generally, the results presented here add to a growing body of work
that helps to understand the long-standing problem of misrepresen-
tation of the WAM and its variability in many models and across
timescales. Cold pools in the Sahel and, as shownhere for the ﬁrst time,
from the Atlas Mountains and their insufﬁcient representation should
be in the focus of future attempts to improvemodels forweather predic-
tion and climate projections in northern Africa. Recently, some effects
of cold pools have been added to existing parameterization schemes
such as dust emission (Pantillon et al. 2015) or effects on tempera-
ture and moisture (Grandpeix and Lafore 2010). But these can not fully
represent possible upscale effects of cold pools on the SHL, which in
turn may feedback on the convection itself. Improved climate projec-
tions for the WAM are only achievable if all aspects are taken into ac-
count. This also includes a proper representation of the complex Sa-
haran boundary layer, which ultimately distributes moisture and dust
on the continental scale (Garcia-Carreras et al. 2015). Developments
of new parametrization schemes as well as existing weather and cli-
matemodels should be assessed bymeans of long-term observational
datasets, such as the climatology presented here.
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A.1. Noise Detection in Microwave Satellite Data
Convection screening in microwave satellite data was initially done by
searching for positive BTD between the 183.3±1 and 183.3±3 as well
as 183.3±1 and 183.3±7 channels, following Hong (2005) and Xu et al.
(2009). Comparison with the cold pool climatology created by Emmel
et al. (2010) for 2002–2006, gave no reason to concern about the re-
liability of this method. However, extending the period resulted in a
number of obvious false alarms caused by noise in one or more of the
183.3 GHz channels. Information published on the Polar Orbiting En-
vironmental Satellites (POES) spacecraft status page1 contain reports
about instrument failures, but are not conclusive about the usability of
the data. Also, quality flags included in raw data ﬁles obtained from
CLASS do not indicate irregularities related to noise, not even for sig-
niﬁcantly noise affected overpasses, like the one shown in Fig. A.3. An
1POESspacecraft status page: http://www.ospo.noaa.gov/Operations/POES/status.html
1
Figure A.1.: Example for data with a signal-to-noise ratio around 20 in 183.3 GHz channels. Satellite: NOAA-16,
date: 2007-08-04 04:10 UTC. Panels: (a–d) brightness temperatures in K (upper label bar), (e–f) brightness
temperature differences in K (lower label bar).
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1
Figure A.2.: Example for data with a signal-to-noise ratio around 10 in 183.3 GHz channels. Satellite: NOAA-16,
date: 2008-08-04 15:49 UTC. Panels as in Fig. A.1.
1
Figure A.3.: Example for data with a signal-to-noise ratio around 2 in 183.3 GHz channels. Satellite: NOAA-16,
date: 2010-08-01 18:31 UTC. Panels as in Fig. A.1.
inspection by eye of individual overpasses would have been possible,
but inappropriate as part of an otherwise automated algorithm.
The issue was addressed by the application of an algorithm devel-
oped for estimation of noise induced variance in photographs. It is de-
scribed in detail in Immerkær (1996), here only information necessary
for reproduction without complete mathematical derivation are given.
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Figure A.4.: Temporal evolution of the signal-to-noise ratio (SNR) in the 183.3±1 GHz
channel for all used satellites in the period of study.
The idea behind the algorithm is that structures in an image are well
visible in the Laplacian (L), which is commonly used for edge detec-
tion. On a discrete grid, two alternative operators are available for the
estimation:
L1 =
⎡⎢⎢⎢⎢⎢⎢⎣
0 1 0
1 −4 1
0 1 0
⎤⎥⎥⎥⎥⎥⎥⎦ and L2 =
⎡⎢⎢⎢⎢⎢⎢⎣
0:5 0 0:5
0 −2 0
0:5 0 0:5
⎤⎥⎥⎥⎥⎥⎥⎦ (A.1)
Applying both to the image and subtracting the respective results can-
cels out the large structures with noise being retained. The operators
L1 and L2 can be combined for computational efﬁciency to:
N = 2(L2 − L1) =
⎡⎢⎢⎢⎢⎢⎢⎣
1 −2 1−2 4 −2
1 −2 1
⎤⎥⎥⎥⎥⎥⎥⎦ (A.2)
This operator is applied to an image (Iinput) with widthW and heightH in
a two-dimensional linear convolution. Accordingly, the value of a pixel
at the position [x; y] in the resultant image is calculated by:
Iresult[x; y] = 1∑
i=−1
1∑
j=−1 Iinput[x + i; y + j] ×N[i; j] (A.3)≡ Iinput[x; y] ∗N (A.4)
where N is indexed from -1 to 1. The assumption of normal distributed
noise with zero mean and variance σ2 results in the computation of the
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standard deviation of noise with derivation listed in Immerkær (1996):
σnoise =√π2 16(W − 2)(H − 2) W−1∑x=2
H−1∑
y=2 ∣I[x; y] ∗N∣ (A.5)
The outermost pixels in each direction are not taken into account for
simplicity as not all direct neighbors are available.
The variance of noise calculated in this way was used to estimate the
Signal-to-Noise Ratio (SNR)
SNR = σ2imageσ2noise (A.6)
for all satellite overpasses. In the calculation, pixelswithBT150/157 GHz ≤
240 K were ignored to avoid small convective cells to be detected as
noise, the 150/157 GHz channel is by itself never signiﬁcantly affected
by noise and therefore suitable for this mask.
Noise becomes visible by the naked eye for SNR values around 20
(Figs. A.1b–d), but suspicious positive BTDs are not yet visible at this
level of noise (Figs. A.1e–f). SNRs around 10 make a more noisy im-
pression, but convective cells are still well deﬁned (Figs. A.2b–d). How-
ever, looking at BTDs between 183.3±1 and 183.3±3 GHz in this exam-
ple (Fig. A.2e) shows a few pixels with positive values in presumably
convection free areas in North Africa. The same is not yet visible in
the differences between 183.3±1 and 183.3±7 GHz but irrespective of
that, false detection of convection with this level of noise seems not
unlikely. The examples are from the satellite NOAA-16; the quality of
measurements from this satellite in the 183.3 GHz channels degraded
further in the following years (Figs. A.3 and A.4). Using this satellite
would have resulted in unreliable convection screening and a positive
trend in occurrence frequency of cold pools in the climatology due to
an increasing number of false alarms over time.
Fig. A.4 shows the temporal evolution of the SNR for all satellites dur-
ing the period analyzed for the cold pool climatology. Considering only
values above 20 to be unproblematic results in a signiﬁcant reduction
of available data. Unfortunately all AMSU-B instruments (NOAA-15–
17) as well as the MHS instrument aboard NOAA-19 dropped below
this value during the investigated period. Except for NOAA-19, all MHS
instruments are almost free of noise (SNR > 100) with only marginal
degradation over time. Convection screening based on the 183.3 GHz
channels is accordingly a valid option for future studies.
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